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BMERE RIEOMSE, IHikh 3 MIBOLIE S %,
I LA R AN R R E TR, B
SEREN 0.79, HTRIRZEN 0.13, 1T 6 i UK
BBPI W BENL AR ARE, SLT SAE B AR IRE
FETel 2 R S A, 5 RBONRER (R? KT 0.70) .
M RN DR RS ER SO R, B
AN EEEARNLE, BEDREAEE K%
A E M A RS BRI (R* N 0.56~0.64) . WANG
09 R RS T KRR E SR T, RIS
BRMEER TR KB, 4 A NMEEHRS
FEAEE, I i 57N — 3 [A] A ML 2% 2 31 45 5 VR K R
MRS B R B EEBREE (RPN 0.72~
0.95) T FEE (R 9 0.62~0.87). 4 LRk, ®i
N b THE 5 2O A . T ANLGE & 2/ e it ALK
BT OKFEECE FRAGM . SR, TEE R 8 1 Ut A e R A
ERETMNEZ /mE R &L E R, f£—Ek
FE LR T A AN ER RN . W T AR it
182 T JUAETE AN ALIT Hi 3 g W 0 4% 4% 1) B R B R,
T 3L AR e e ok B g 4w, A B AR &, BB R AE
Gy e (1 BB A 5 o3 A A, E FURSAL B BRI
W7 R R . SR, R AN i AR A
— RGBSR DA RS A 2 A ROK R RS 9
WS ORIE T A TR IE . ASHIE TR R AN Z i
BEERHA, FRE 2 ARG AR SRR AE S BERE . BT
WL AR R 2 e AR, e KRS e R A R
o EH R B, B E S Wi TR, BE
HUARAK DA R S A B 2 R 2%, $R T8 — R . B —
A ROKFEAAS FREE S 2 ROKREECE FRIEI, AU
NI NHLER 2 e 0l 18 SR ARTEAS ARG . AN i FfK
FE U 7 W I AN Fi S5 1 e S L BRI AR 4 AN AR SR o

1 MR55EE
1.1 R

AW T3 BITE 25 7 48 PE XA N R Ik 1 ¥ N sl B il
HiRI A (RFRBIHEEIREKR, 100°13'E, 21°57'N,
R 1265.08 m) S RKTTALR X B K &R S 5 ek
25 MR CfE R AL RS Rt R ML, 106°26 'K,
30°26'N, gk 317 m) B /KFEA [A] i %K~ H 8] 10 56
(E . SRR AR T #Gr = RAE, R
HJEH 24.01 °C, F-FHBEMEN 15262 mm, AR
3% pH MH 5.3, 4% 1.20 g/kg, AW 37.70 mg/kg, &
AR 52.20 mg/kg, A ML 23.70 g/kg; AR KRG Al
NEHE 37, 2021 & 1 H 15 HiEM, RAANTHER, NO~
N4 A FE (1) Jit B 4> 5 04 644 128, 160+ 192 kg/hm®
(L1, N2 MR BRE, N3 AR ERE) .
b 58 € 4 b J& - 3 Ha W i ZR KS, EFRRE
9 18.5°C, FFHEM TN 1105.1 mm, 5T 4%
pH1H 7.7, &% 125 g/kg, HEWE 430 mgkg, HH
88.45 mg/kg, HHLI 22.61 g/kg; AR KRG S FH LA
6135, 2022 4F 3 7 15 H#&F, KA AN T4 770,
NO~ N4 &b B (1) jiti %0 & 4> % 9 0. 60, 120, 160
200 kg/hm® (L& 1, N2 N4zt s, N3 Ak
MR . FANX 50 m?, RENRE S KRG 9ciT i Zs
FREHIE, FREE 13.3 em. 47FE 30 em, 25 J57%/hm?, 4
TOER 2 Bk, BERRELAT 50 FHkk/hm?. ZofE 37 4 AE
FEFpAr. $ROWHA L R, AR 6135 43 B AE SR FRET
SYEEW. IR IR R, BRI E R 40%. 40%-
20% it Y, T AR R A5 AR 23 A R R R ME A . P,0s &
120 kg/hm?, K,O A& 105 kg/hm® (£ 1.

a. BYIEHIRI K

a. Mengzhe experimental farm

TF: NO~N4 LR A A 2 .
Note: NO-N4 represent treatments with different nitrogen application rates.
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b. AL 4R A -

b. Beibei purple soil experimental farm

c. IR /N X
c. Test plots

BRI R A Rkt

Fig.1
R1 BUAERERERE

Table 1 Fertilizer application amount for each treatment (kg-hm )
B EHRI R Jum g € LAk
AR M . oo .
engzhe town experimental farm Beibei purple soil base
Treatment N P,0, K0 N PO, KO
NO 0 120 105 0 120 105
N1 64 120 105 60 120 105
N2 128 120 105 120 120 105
N3 160 120 105 160 120 105
N4 192 120 105 200 120 105

1.2 KEEREZAEEGRESREFMNE
HFKSETE ABURE R 4 2638 AT KR8 20t

Experimental farm and plot design

TEEECREE, SRR 737 2 BEWT . BT SRR
EFERAIE AT R KBHERREEZL T 10:00-14:00 KAE
%, BIRCATET S R KA AT RS e hr . T ANLTE
B KAT, KATEEE 100 m, f ) EE B 80%, %A
HEH 70%. PR AR, EHE L TIFF #%
HIRAE

TESRBUKFE 7 Z 2 ik BRI RIS, MRS /INXCR
EEARRMAKFEEN 6 70 RISLIGE, EHZE, 1,
FHE N BERRIC o B 25 I A K FERE S NS, 105 °C
A 30min J5, 7E70°C MEE FTHTEERE. KE
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Jail KT E, A5 HBRELCKE e, FREUHE T BE R
Ja MR ZEFF. BERESN0.5 g, SR IR E A IS K
FEM R R BSEE.
1.3 BERLBSHIETE
KA 21 R A 5 MBi% B (450, 560,
650+ 730 1 840 nm) . K47t DJI TerraV3.6.0 H 1T —
2 6 E R IF N g AT RS R IE S5, M 5 N
B2t B4 G, o B EUR AT HE R Ak 3, 23
B I Sl FRBUKRE R E G IEHE .
SESRAMBT K EeEA SR, ARHETHEAN
WERERE=HTHE2ASE (D
i E AR E = 2R EE X TR E+
EMEASEXEHTYRE

@)
HRACRE & B R BRI AN
R A = A i TR
A R TR RD
CEE TR + TRE) ()

Hh R B E = AR AR x R TR R+
EHERATEXEH TR E
AR Ex BTV 4)
1.4 BiESMSEE
BRI 7 FH python 3.8 SKlearn AL#% 2% 2] FE 1]
train_test split 5% (K-fold) , 4 @ B A BRI 473 2
BAE (70%) FIRIESE (30%) . HR4E AT A BF 7k B
IKFERUE FRAH MR S M EUAE R #4820 (ratio vegetation
index, RVI'™D (I3 — {b 1 #% 8 % (normalized diffe-

rence vegetation index, NDVI'D) | 59— 4k 21 4ME 9l 5
# (normalized nir vegetation index, NNVI'™), 5% H f
B/N 3 (partial least squares regression, PLSR!'™*) .
BEMLARAR (random forest, RFUD) S ] 4 4% 1 46 1 %

(back-propagation neural network, BPNN!") 43 5ji]%f #i—
WA R AT KRR AN SR A 2 A KRB e =
Ao A B EIT . BB Wik,
PAZAE 37 BFEARAE I R M AR 6 135 &4 F 1 &
A FEE RIS TR 71 DAARAR 6 135 (1)
FEARAE NIRIEEENMNA 20 37 S8 ] L a4 B AU 7+
WA R E AL B 1. SR e sE R R I3 7 AR 2
Ryse PR R,

T Y 48 BB Y () b e BRI RP. Ry 1K FH
Microsoft Excel 2019 i#17. PLSR J&H & o4t 5
RURER TS &, A RS2 [ A% 8 A DR A 8 T BB )
& RF A Bootstrap = 4l £ 77 12 SR AR A A o il L 22
MEA, XA Bootstrap FEASMEE M, R4 PR
WY F g G ) 5 SRR D B A TN 25 5 s BPNIN 78 22 5 Hip X
B EFATIH A, &3 R BSOS H s T
Zx, RAWEREETRECY 3. Wb ET 808 1
B i £ . PLSR Al RF #4 7£ python 3.8 [ Anaconda3
8GR A Sklearn ML 7% % > FE @ 37, BPNN B4R H
TensorFlow 2.0 R % ] FEEE ST,

2 FR5SH

2.1 AEHESLEXIKIERE R KSR 0N
EAFTERAAF T, ANFERK SR KREEE RS R
wmE 2 .
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T t -
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=37 2 % 0.33 5 0.34
Yunjing37 & 1 4 &2
5 013 5 ¥
* ¥ 023 004
X X X
0.08 . 0.13 0.14
0.03 0.03 —— 0.04
450 560 650 730 840 450 560 650 730 840 450 560 650 730 840
%K Wavalenth/nm %K Wavalenth/nm %K Wavalenth/nm
0.21 0.37 0.50
0.18 0.32 0.44
g g 8 0.38
50.15 § 0.27 g
Mik613s 2 5 0.22 g 032
= = 0. =
Jiyous135 & 012 =" 2. 5 0.26
0,00 # 5 020
B 2012 E 014
X 06 1 |
: 0.07 0.08
0.03 0.0 == 0.02
450 560 650 730 840 450 560 650 730 840 450 560 650 730 840
%K Wavalenth/nm K Wavalenth/nm %K Wavalenth/nm
a. 77 e b. AT c. i

a. Tillering stage

b. Jointing stage c. Heading stage

B2 FAE 37 FedhAk 6 135 R A H HIEERAM
Fig.2 Canopy reflectance of Yunjing 37 and Jiyou6135 at different growth stages

A E BAAS [R] b A KRS 1) ol R R R R
SRS, =8 37 B BOGHE SR 2635 K T 1A 6 135,
JEHAE 840 nm AFAEHE 2R . Heh, WA BB 37
7E 840 nm A& V350 1% S i ZE LA A 6 135 /1 0.21, H:

UGBTI (840 nm ALV #1061 S R Z 8 0.12)
ZEAE /NN BERT (840 nmAb 35061 it % 206
0.08) . FEAFIMIAALEL T, AR A0 AL R — 4 &7 B
TS RAEAEARCME . FE B, 20K 37 AIRAR 6 135
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T 1 2 2 AR I A N 38 B ] Py 85 o e 6 3 A T 1
K (0.002~0.13; 0.003~0.05), 7E0] WG Bt )
ST 26 35 I it 22 B BN T ek /DS, T PR £L I AN £ A B
I it S0 B B N T 3G 0. FE BT BA AN AR, 2 it
BT G N, AT o O R AR IR = R
(0.004~0.015; 0.009~0.02), My L3 AT 20 4P BB
it R A I N K (0.021~0.15; 0.02~0.14), i
SIS IR
2.2 B—iia, BERMKENEERESE. I ENE
RS RERBINE

B0 A AR RIS U TR AR LR 2.
wiE, BEEEBYRKET, 2 MaFEEE S BB
Kt FER RHEZRH A& Hd, ZF 37 2R S

0

A FIHRREE 0.87 ME2 D /AN 6 135 (1.80
ANFEAY D, Hith B3 BRI ERHIE (3534 kg/hm®)
INFHEA 6135 (95.81 kg/hm?) o« HRAKL 6 135 RS F7- 48
F—E KT =8 37 (R EE S8, TR
MR E R ER S EER (0.76 MEHAAD AT EBERER
FlE (6243 kg/hm®) . TE47BEW, WA 6 135 MEER S
A A RAE L A 37 430 0.76 AN E 43 AR
1.99 kg/hm®s EARATHE, WA 6 135 (e 2 A& A b
HRBRRLILZAE 37 2905 0.03 ANE 2 £URT 8.79 kg/hm?.
TEHIFERA, AR 6 135 M2 A S B =M 37 1% 0.17 4
o, R BB ER SR 37 & 62.43 kg/hm®, 7F
AFHM, WIE 6135 M Z A & =M FiEA R AR
K 37 23930 0.18 ANE 43 1 30.27 kg/hm’.

®2 TR FRM 6 135 AEEEHIEER S EFMtt LRMARAE
Table 2 Canopy nitrogen content(CNC) and plant nitrogen accumulation(PNA) at different growth stages of yunjing37 and jiyou6135

ZA# 37Yunjing37

AL 6 135Jiyout 135

EEHH 70 A ¥ A ¥
ge Average variation/% Sample number Range Average variation/% Sample number

4y BEIH CNC/% 2.00~3.65 2.90 12.75 87 3.02~4.34 3.66 10.00 79
Tillering stage PNA /(kg~hm’2) 3.30~30.12 16.74 39.20 87 10.07~29.14 18.73 30.57 79
45301 CNC/% 2.16~3.29 2.73 11.53 72 2.03~3.46 2.75 15.92 84
Jointing stage PNA /(kghm?) 14.41~84.72 49.63 37.06 72 20.63~111.66 58.42 49.71 84
S CNC/% 1.43~2.38 2.03 12.20 81 1.36~2.33 1.86 16.57 90
Heading stage PNA /(kghm?) 20.58~74.2 52.08 2291 81 36.7~183.52  114.51 41.87 90
Ea-p CNC/% 1.43~3.30 2.55 18.85 240 1.36~4.34 2.73 30.16 253
gr?vlfn\féhs%ege PNA /(kghm ) 3.65~84.72 38.53 53.90 240 10.07~183.52 66.80 77.39 253

TEKFE) 3 ANMEFEH, R IEEL NDVI (840 nm,
650 nm), NNVI, RVI (840 nm, 650 nm) 72378 —iR

=3 AEEBEASFE T MR 6135 SRERSE.

o FARAPRUE SRR, R AE T AR A
TR IR, SR 3 PR,

b EERBREN R E TN E TR F S

Table 3 Validation of prediction accuracy and transfer learning of CNC and PNA test sets of Yunjing37 and
Jiyou 6135 at different growth stages

CNC PNA
EEM REUER T o5y WAk 6135 TBIRIE ZoHE 37 AL 6135 BRI
Gsrtzwéh Mion(he;;ng Yunjing37 Jiyou6135 Transfer validation Yunjing37 Jiyou6 135 Transfer validation
& R? Ryse/% R? Rysi/% Trusert/%  TruseaT1/% R* Ry (kg'hmiz) R* Rys/ (kg'hmiz) Trusser! (kg‘hmiz) Trusses! (kg'hmiz)

4y BEI NDVI  0.72 0.18 0.62 0.22 1.07 1.04 0.73 3.31 0.79 2.67 8.43 8.07
Tillering NNVI  0.53 0.21 0.60 0.22 1.29 1.05 0.64 3.92 0.69 3.20 12.51 9.05
stage RVI 0.57 0.23 0.61 0.22 1.15 1.00 0.68 3.55 0.74 291 10.11 8.48
&b NDVI  0.71 0.16 0.74 0.22 0.25 0.30 0.71 9.99 0.84 12.05 22.09 26.95
Jointing NNVI  0.84 0.12 0.74 0.22 1.38 0.87 0.88 6.90 0.85 11.32 101.96 66.75
stage RVI 0.73 0.13 0.72 0.23 1.02 0.26 0.67 9.65 0.80 12.16 20.00 47.07
S NDVI  0.68 0.12 0.67 0.23 0.58 0.50 0.83 5.44 0.78 21.43 56.19 72.78
Heading NNVI  0.60 0.13 0.75 0.22 0.27 0.33 0.68 7.24 0.83 20.96 125.24 86.88
stage RVI 0.54 0.14 0.72 0.23 0.90 0.81 0.78 6.02 0.78 22.39 70.89 35.37
NDVI NA - NA - - - 0.77 12.44 0.60 62.87 18.09 37.49
LA NNVI NA - NA - - - 0.48 8.44 0.70 28.78 143.30 58.87
The whole RVI NA - NA - - - 0.77 10.87 0.62 29.62 14.10 24.18
growing RF 0.70 0.26 0.91 0.25 0.67 0.90 0.91 6.12 0.94 12.34 41.68 64.00
stage PLSR 0.64 0.28 0.61 0.50 2.31 1.27 0.90 6.18 0.93 13.49 41.95 42.45
BPNN  0.67 0.27 0.63 0.49 2.30 1.27 0.89 6.80 0.93 13.30 37.54 42.45

TE: NA Jonfiil R? N T 0.01, T
BRSO BTEARAR 6 135 PIE B RAES T iR % .
Note: NA means the models R? less than 0.01, “~”

" FORTIE T S Ryser Tause, THRARAR 6 135 U8 95 BB R LE 2508 37 ML B RAES TTIRIRE, Tryseot 18 280 37 5

means can not be calculated Rgz» Trysz; means the Jiyou6 135 nitrogen nutrition (CNC and PNA) inversion models in

Yunjing37, and Ty, means the Yunjing37 nitrogen nutrition (CNC and PNA) inversion models in Jiyou6135.

SVARTIT BT TR SRR R R A R B 2 A
B AR R A K I T2 BEH, 7EIERIAH,
B fRUKFRE . A E BRI A I Ry K. 1E
SYEEW, 3 R AR HOE 2 A A I IR R AR R
N 0.53~0.72, Ry N 0.18%~0.23%; th E#EE EFE
W0 R REE RPN 0.64~ 0.79, Ry N 2.67~
3.92 kg/hm?, FH o NDVI (@ B0R B A F RVI AT NNVI;
FL— SRR 43 BE 0 77 MR DU ASE A GE S IR CNC T

PNA ] Rys JGFEE 1.00%~1.29% #18.07~12.51 kg/hm?,
WRERR . ERTI, AR B AN e 2 A
A R AR TR B R, o NNV LR 5 2
RAEE (R N0.71~0.84, Ryg N 0.13%~0.23%) Fith
FHAREME ( RN 067~088, Ryuu N 690~
12.16 kg/hm®) AR T RVI AT NDVI; B R i 15 34
ZCE 7 MW B AL G A ) CNC F PNA B Ryge N

0.25%~ 1.38% A1 20.00~101.96 kg/hm*. fEHMAEEH], =
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K 37 it NDVI 257 1) /2 5 & E A b R AR A
YR SRS B BT, CNC ) RPN 0.68 T Ry 9
0.12%, PNA ] R* N 0.83 1 Ry A 5.44 kg/hm?; HZAL
6135 if it NNVI &7 ()5 /2 A & s A F AR R S
RURS FE R, CNC ) R* 4 0.75 Al Ry N 0.22%, PNA
ff) R* 4 0.83 Fl Ry 4 20.96 kg/hm?; 5 — St R A
B E WA A A AT B ) CNC AT PNA 1) R, 10 1 2
0.33%~0.90% £ 35.37~125.24 kg/hm’,

M 3 A, T 3R g IR SOV L B 37
Al 6 135 KA F I Z A S 258, 3 Myl
FRHT LA SR RE L A R AR AL, o, RVI
Hh = 40 BB O ASE AR ) 56 I A R B8 AR 4 R

AR
L

C%

i il 4.11
ZHE37 1 |

Yunjing37 b i

i .,
b

P

Jointing

Eillp
Heading

1 B
Tillering

Wefl6135
Jiyou6135 &

e R = i
53 BE
Tillering Jointing Heading
a. CNC

225
et - by kY
RN Yunjing37

Wtt6135
Jiyou6135

B4, 0T NDVIMI NNVI, =8 37 (908 & R® Al
Ryse 23 9129 0.77 1 10.87 kg/hm?, 3T 8 MR 1 Ryee N
14.10 kg/hm®; AL 6 135 [ 1R 45 RZ A0 Ry 20 5l A
0.62 i1 29.64 kg/hm?®, IEFLMIIR ) Rysp N 24.18 kg/hm?,
£T RF. PLSR 1 BPNN 3] DL 37 B — f Fh 42 25 3
RE TR, Horp RF @57 1076 2 20 & S A 8 A st
£ R 47518 0.70 1 0.91, Ry 53 518 0.26% AT 0.25%,
b B AR E AR R? 259 0.91 F10.94, Ry
RN 6.12 F1 12.34 kg/hm?, M4 EHEEZRASER
AR TE VLSBT RS 2 ST IAE, o B3R B AR AT
Fo2 20 Ryse K
AR PR BUE 7R RS R E 3 Fs .

| THRE
PNA/(kg-hm?) | iﬂ B PNA/(kg-hm™2)
ROV o B
— : 106.86

89.40 2
w e W

e
i

IrBE A3 EiliE= ]
Tillering Jointing Heading

PNA/(kg-hm™?) &
358

u,

'R BB e = B K W
JrEEH) AT Eillpe
Tillering Jointing Heading

b. PNA

B3 ZH37 ARk 6135 RERASEAM ERARRERIKLER
Fig.3 Results of CNC and PNA inversion of Yunjing 37 and Jiyou 6135

2.3 ARIRKES,. ZRHAKENEERIE. I EBR
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TR R T M AR, AL RNk 4 FiR.

£ 3 M F W, FIA PLSR. RF Al BPNN &7 ) A
S m 2 Pl 1) 2 A0S A b R 3R AR =
BRI R* N 0.63~0.97, i HE #l 6 B e i S /K e e J2
AR IR, AT DL T E R g BB M A Y,
{BIFEERRRZE, Rysy N 6.82~73.76 kg/hm®s 7E4KTi
WIFNHAR, FH PLSR. RF A1 BPNN #3745 B ()6 5
BT/ B

7E4YBEH, PLSR. RF I BPNN M2 (1) 7 2 & & &
WA 00 A AR R AR RN 0.43~0.57, Ry N 0.34%~
0.39%; Hh E#R R E MR R* N 0.63~0.66,
Ryse N 3.54~6.11 kg/hm?, b BPNN ) # B0k 5 4 6
B, AERTWIAEE, RF BV HEEZRSE (KR
IR N 0.80, Ryge N 0.16%; HhAEM R N 0.76, Ry
N 0.13%) Flith B BRE (KT RPN 0.87, Ry
5 9.05 kg/hm?; FHAEHA R* 4 0.87, Ry N 16.44 kg/hm?)
B HS B2 A T PLSR A1 BPNN.

R4 Z@MKEE (B1E37. ]I 6135) FEEFH CNC F
PNA WX EREE (EHAREE)
Table 4 Precision (mean + standard deviation) of CNC and PNA
at test sets for multiple varieties of rice (Yunjing 37, Jiyou 6135) at
different growth stages

cayep AR CNC PNA
Growth stage Modeling index — g? Rusi/% R*  Rysd/(kghm™)
NDVI NA® - 0.75 6.82
NNVI NA - 0.71 8.57
4BEI RVI NA - 0.75 7.56
Tillering stage RF 0.57£0.09 0.34+0.03 0.63+0.04 3.76+0.26
PLSR 0.43£0.05 0.39+0.03 0.64+0.04 6.11+2.08
BPNN 0.46+0.06 0.39+0.03 0.66+0.02  3.54+0.23
NDVI NA - 0.76 26.30
NNVI NA - NA -
W RVI NA - 0.87 20.50
Jointing stage RF 0.80+£0.04 0.16+0.02 0.87+0.03  9.05+1.32

PLSR 0.72+0.03 0.19+0.01 0.81+0.03 10.57+0.77

BPNN  0.71:0.03 0.2+0.02 0.82£0.02 10.37+0.74
NDVI NA = 0.78 67.54
NNVI NA - NA -
R RVI NA - 0.83 50.97
Heading stage RF 0.76£0.07 0.13+0.02 0.87+0.06 16.44+4.1

PLSR 0.75+0.03 0.14+0.01 0.86+0.02 17.75+1.38

BPNN  0.75:0.02 0.14£0.01 0.86:0.02 17.02+1.4
NDVI NA = 0.78 5582
NNVI NA - 0.87 73.76

SEHN RVI NA - 0.84 33.41

The whole RF 0.83£0.03 0.28+0.02 0.94+0.02 10.09+1.47

growing stage
PLSR 0.21+0.04 0.61+0.02 0.90+0.01 13.20+0.58

BPNN 0.25+0.03 0.60+0.03 0.90+0.01 12.98+0.82
7E: PLSR. RF Fil BPNN 4T 20 IBEHLEEARLLE 5347 NA'SRBIR R® <0.01.
Note: PLSR. RF and BPNN were each applied to 20 different random sample
combinations analysis. NA means the model R*<0.01.
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Fig.4 Validation of the prediction effects of the CNC and PNA models for multi-variety rice at different test points
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IR T KFE S BRI RS SR AR RS (R B . TR AR
B ST K AR IR T A RS IR I AR (RS FE 3 e,
Hh BT NNV AZE KRS 77 I B RS B fc i, R
90.74~0.88. X 1] BE A K NDVI LE KRG & 15 HIAE #
T 5 R S LR 5 Pl AT, BADGLEY 4501
WEFe S SRR B, 7E S w7 o5 B O A NNV
(NIRv) W] BAA 2% 57 25t E A 51 S 1 s S 2R bl gi], - A
M BRI G R R . e b AR, S
T-NDVI W E I =8 37 BE 7 MR R few, T
BT NNVI A RIRE 6 135 FUE 72 IR R B o
KRR N 37 B R G mBEIREDN, A EEiE,
ML 6 135 7 & & \mMBEEECR, AVEEER, &
EHREEE R ER K (F4), PR 6135 K
W ERE. YRR, T NNV KB R s
FE WS MR RRS BE 25T NDVI. 76 3 DM e A E i,
— i PR R RS IR WA AT A MR Ry BB L
BRSPS R R R, AR KR SR R 1 17 A 2
HAEARTFAE S WM 22 SRR A —FE, R 5 b e e vtk
FESER, HUGRZAAE, 143 BRI A% SR (] 22 S5 AN B
o MK IR R T AE R, R AR R K B



166 flk TR (http:/www.tcsae.org)

2023 4F

TR RIS LA e R, R TR A AR R AR I ]
=5, ArRESiE— BN K 2 6 I 5 R B 7R B
(22 5, DRI AS [RS8 A /K R 0 77 MR B2 (V3B 7 i
N ARG RRY, HEFRpEECEE LB —
IKFE AR A4 B W2 A B IR AR, (AT DL ST M
R R E IR, X ARSI AR EE
W, WERGREMEA TN, o2 ISR E
ZRAA . TEAEE MR AR, A& ERIRE
IR S B L 2, S & I MR AR FE I,
Z B i A A R ORE A v, T A SR A A A
TeiF kN et J2 e 5 A 2 AR B A R BRI T
DU 24 0 ok Fe R 0, KRS AR B AR R e
JE v e 1 b el 2 R B R, RE 55 T AR A
e P S R LA R N B S B e, BB RR A 2R
e NS PR AR A A B 60 9 T LSRR A A ok 1D 20
B, B, SHEREER IS R I I A =
AW R LN, T RVI Kb 5% S AR s
RUKE 2 A SRR A BT RS AT RS RE ), X AT RE A
N RV B30T DAA & H A ) 2 [R] A0 A [ AR ) 17 06 1%
Z5t, WIMTE— R b3 A 7] A7) e e A5 2 R 5
HERA L),
3.3 AREBESZEMARRES. ZHEMKEBRERK
MBS E RS0

AHFFEEE BRI, ETREMEREHRE RS, B
— AR K R UE IR R AR R R vk T DB A, AR
TovER A TR B0 B AR FARES A 2 R KR e 2
R BT AR, BART DU E R BRI,
EFER KR ZE, XA RER T &R (] 1 22 R BOR,
AN A AR RS e 2 A R S R FR B TR I 06 ROV AR LR
P, 7T R G R ST B R R [ A R BSL, i AF R
JEFIFH PLSR. RF. BPNN M &£ 4 & AL M EW A
BRI R, JX F KA PLSR. RF. BPNN fE4% fi#
MrAE £ E Bl 2 18] B R . PLSR & — Rl 2k v 4 5 4wl
AJ7vE, WIE TSRS (B RS ik
getkor) PO, AT HAR R 2SS, MAEEE
b, BAGERE/NT RF A1 BPNN. BPNN & — g &
SO Z EATTAN A WSS, BEARE TIN5 22 1 R XA A
ARG, AT B 2 BCE RR AE HEAT B 5P, A
A RE 22 AR RS 5. 2 Aok e 2 A S
R b SR B R B WU AR R 2 A TR L ) R R AR AIG
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Rice nitrogen nutrition monitoring based on unmanned aerial vehicle
multispectral image
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Abstract: An accurate and universal monitoring model of nitrogen nutrition can greatly contribute to the precise management
and application of regional rice. In this study, a systematic investigation was carried out to explore the impact of the images on
the monitoring models. The consumer-grade multispectral images were captured by unmanned aerial vehicles (UAV) from the
different ecological sites and rice varieties. A series of field experiments were conducted at two test sites: Mengzhe Town,
Xishuangbanna, Yunnan Province (with trial variety Yunjing 37) and Beibei District, Chongqing City (with trial variety Jiyu
6135) in South China, with the varying nitrogen levels. Four multispectral drones (DJI Phantom) were used to capture the
multispectral images of the rice canopy during tillering, jointing, and heading stages. The nitrogen content in rice plant
canopies (CNC) was measured to calculate the above-ground nitrogen accumulation (PNA) using the Kjeldahl method. The
nitrogen nutrition monitoring models were established using vegetation indices, partial least-squares regression (PLSR),
random forest (RF), and backpropagation neural network (BPNN) for the single trial site, single variety, different trial sites, and
multiple varieties of rice. The transferability was also explored in the models. The monitoring models were established for the
CNC and PNA during each growth stage of rice for the single trial site and single variety with the high accuracy (normalized
difference vegetation index NDVI or near-infrared normalized vegetation index NNVI, where the coefficient of determination
was 0.68-0.88). However, the inaccurate model was obtained with the vegetation index during the tillering stage (NDVI, the
coefficient of determination was 0.53-0.79), indicating the low transferability of all models. It was difficult for the vegetation
indices to construct the monitoring models for the canopy nitrogen content throughout the entire growth period of rice. But a
monitoring model was established for the above-ground nitrogen accumulation of single-variety rice in the period of the growth
using the ratio vegetation index, the high accuracy and the high transferbility of the model. The monitoring models constructed
by PLSR, RF, and BPNN were more accurate than those by vegetation indices. Among them, the highest accuracy was
achieved in the monitoring model for the canopy nitrogen content and above-ground nitrogen accumulation in the entire growth
period of multiple varieties using RF, with the coefficient of determination values were 0.84 and 0.94, respectively, and root-
mean-square errors of 0.28% and 10.09 kg/hm?, respectively. The finding can provide a theoretical basis and technical support
for the application of consumer-grade multispectral images captured by drones in monitoring rice nitrogen nutrition during the
entire growth period of different ecological sites and rice varieties.

Keywords: UAV; vegetation index; machine learning; multi-spectral imaging; nitrogen nutrition monitoring; rice
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