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1%, BIT45A GRABCUT 43 B B2 EL VI 51852
SIRERY, SEPIN KA E LNC (. SHENDRYK 25014
BT EANZ GG AE R VI EE A S PR
H A LNC 217 /. BAR VI O 32 N T s AE
VAR SR, (A VRS E 55 X s I s, H
X HE R AR RS R, A7EAE— 5 R R0,
Fe AU L A e ANLIREL ) 2 R A s, ATk —
BRTHED A K SEAG I SR . RmEAEl™) el
WL RIS VI 518 R SO R R G, Wk
— BRI R SRS EMSNERREA S E
MR RS B, R BEasl0 ) Lu 2P | ADELUYI &%
W RILE VI I EEAE 51 NIB BRI E D e |2 =
() &5 K e AE TT LU — 2B 3R FHE W AR K S 50 SO RS
FRBrE R, HAarir R EEES T LNC R, 10
PNC RE% 51 4 [1 A s B AR P ) B AR 808 AR, IR R
K HE PNC RIEBAL T 0040 U0t FH sk B R
X CAAEWE T 2 ¥ SU B R AE{E  (texture feature value,
TFV) BHEH THREEME, RXHE— RN, s,
IR PEE LA FE e W B T RS N SO AE R R U A
BRom, s s E D RS TR S SO IE S R
BB, SEmde A RIER AR R 250 7Y
THR A TE A LR R B 48 H5OFN 573 — P A 25 090 130 47 gl
ERMED S BN IR s, TR — PR R T AN
TE 5 Hb DU ) 22 MBS s b & N KRR RS &
SRS BE I REA,  DASR s /K R 2602 1 1 S A

Rk, AL LK ARG T 5 B LNC FiT PNC A8 7 x)
%, dEIk 2021 A AT 2022 A RGP UK H R AEE,  Al
FTEAMIEFZ 6t Al RGB A LSREURE H e 2 18 B A%
MZ TG AG R BUKFE R VIs 1 TFVs, Xt TFVs #H4T
HETHEER L5 E (texture index, TD, FFHiEM
i TIs s @ R SE; 8/ RGB S8 R HL I 2 7%
5 3R BUK A8 A% I i 2 5 B2 Cestimating canopy height,
ECH); A T80 /N X Sell 6 2 5 B (measuring
canopy height, MCH) F1 H [i] & &= & B £ #5 ( field
nitrogen management data, FN) {F 4 Hb i W8 I £ s A
FH BEHLARAR [2] 3 59% 0 A4 /K FG LNC A PNC s e A5
A, DU KRB KT 5 LNC F PNC 1 S I RS B2
SR e FH i) 75 S il L ke S 2 LR 2 A R
1 MR5RE%E
1.1 R

AW FEAET AR S R T AW R 2B 50 A v v i 0 2
P&, T B ZOKRE B AR R 2R Ay,
R AL E (112°39'E, 23°9'N, #dk: 3m) W& 1
From. Hedh R 2 ARG E L, % LS AR
20.3 glkg. &% 1.34 ghkg. A AW 13.6 mg/kg. H R
61.8 mg/kg, ATHEVEVIN/KAG. H-FISE 21.93 °C, %
Uiy B¢ e A 37.8 °C, i RAIARIR N 1 C, P H R
1815.72h, “FHIEN = A 1637 mm, J&HH 2 KA %
FEAEW KRG, BRE3 AYER, 7 1 Aok,

WefE 8 HAIHEA, 11 H o F k.

112°03929"E  112°39'30"E  112°39'31"E  112°39'32"E
— - - -
£ 110°0'0"E 114°00"E 118°0'0"E -
St I o DI
| ARA E Density D1
Z |z Ry A ) -;; =Z
> [& 095090 380 km N
2 o - — o
o™ 1 [ 1 (o]
110°0'0"E 114°0'0"E _118°0'0"E
& &
Sl &
1 0510 20m mpEpas JPTT T A
«Q ke = @ MU A S
I X !
= Density D2 =< Ground control point

112°03929"E  112°39'30"E  112°39'31"E ~ 112°39'32"E

FE: NI~N5 S HURE LA ST E N 0. 90, 180+ 270, 360 kg-hm™ ) 5 4
AL . D1 Al D2 FoR HAALE EATEN 30 cm, FREE M09 14 cm A
21 cm. K[,

Note: N1-N5 represent five nitrogen application treatments with nitrogen content
of 0, 90, 180, 270, 360 kg~hm’2, D1 and D2 represent planting densities with a
fixed row spacing of 30cm and plant spacing of 14cm and 21 cm,
respectivelyrespectively. Same below.

A1 HRREaEr~&E (¥4 Exp.l A1)
Fig.1 Schematic diagram of the research pilot location
(Exp.1 as an example)

WFFLT 2021 A1 2022 M ARG IF e 1 P Ok H ) 5
BRI Al O 28 2 BT 8k 2156, 7E AR 56 —
(Experiment 1, Exp.1) #1, 2021 4 7 H 25 H#&Fh,
8 H 10 H##4k, 11 H 29 HUSk, T 9 H 22 H#Tk T
JE HABE S . ARG N X BT RS K 10.8 my FE
3.5m, MAHN37.8m?, WRIG/NXA UK 1 FiR. B
FOAE P AG AL AT S A AE b, AT P RPAS [F) 25 1) 4%
W, FEBALE 4T EE N 30 em, BREE 4N 14 em
(D1) 121 cm (D2), DI F1 D2 ¥ 9 WLIERH AR 1E
R Wk S AN AT 3 IRES, ARG ES
W4 0. 90, 180+ 270. 360 kg/hm?, ZFJEH NI, 2>
BEAE. REAE, %4033 0. B (P,05) 130 kg/hm?,
HAE (K,0) 180 kg/hm® — R4 5 AR N, 490 A 4%
INX 8 BERIERN IR T (F 4% 46%) « L B IR S
(& P05 12%) « FALH (5 K 60%) o RI6 X H &6 Fh
FEZ 2 m SE T ERIAT o3 B R 1 P () 45 BEAE it 5 >4
e AR — 2

7Ei 56 — (Experiment 2, Exp.2) 1, F 20224 7
H 19 H#H, 8 H2 H##k, 11 A 30 HIK, T 9H
16 HEE T3 5 B IEE . Wit 5 Mt EUAL B 3T
3WER, ARSESHINO0. 45, 90, 180, 270 kg/hm?,
RALSY AFERE, ZrBE. AR, %4133 0EH. Hihz
53R —AH [

1.2 HEHERE
12,1 RAAEHIE

Hby T ARCHE S O 7 R H TR . Bk, R
FEANRIR /N DX IR PR 25 00T 1 26350 5 (A1 B L 1 25 20 70K FEAE
PRI BERL, BCPIMENENZ/NX P 88 A5,
BB BERUCER I /N X P38 43 BERU) 3 TOKFEAE MAEAR,
T Gl SRR, SRAE Y A L FE RS /N X )
X3 F KR AR I 2 BRAREE, K /K ARG A PR 35 D) Rt
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FRIZEFFRE 849 #F 105 °C F AT 45 min, 85 'C Nt
TZAEE P& BEASDNXOEEER) 3 FOKRE M 7 FEAF
)1 ot B AN ZE AT AL AR P 35 & 4 il sk &N X
FAMEMZEM YR () BTG I 5 F AR
AT EE A R s A AL e BaE o i vk A S = A
ZHAEE, PR A S EIR TR G AT &R
B (gkg) . MHESGEIFEWNX (1D Fik:
ﬁﬁkéa_wﬁﬁixw$%§+%ﬁ§§x%¢%§
B EH =

MY R+ YR

(D
122 AIMEAAGEEZE (MCH) 448

NBHIEMTE AL RGB 45 HHHE U 2 51 B 1 e
ERABERNE T SR /NXKEEEREE, f/NllE R
BN 1 mme TEREAMRIG /N, IR /N X 9 2606 £ 26 55 )
B B HL 10 BRAKFEAE AREA, MEFEARMER S b
510 ANFEAS = BE 38 4E %/ X ) MCH AR R A .
TG i) FERLNEFE MR, SRRV AN B /N X 1 A X
. BRI BTN SEE, MCH N e 2 i )
S
123 WHEREEE (FN) 4%

H /0N DX R A it FH £ 5 2 BE At FH AR I, 3RA R
BEH 2 88N X B E AR F B /E N FN (kg/hm®) o
1.3 TAVIERBIERER L E

ARIAEH TN KRB R A RA R (DID 4
FAR R HERS R 4 Z 6B (PAM) FIKSEAS R 4 RTK fR
(P4R) » PAM #E i — L Z UL RS, ZOLHEHH
LA A DILFC6360, £ERLT 5 N2 Hiksisk, /hlxt
MM 450nm C #5 ) .+ 560nm (&%) . 650nm ( 41 ) .
730 nm (ZL34) 1840 nm CITZLAh) JEL, PAM THi¥%
BE G AL B X AT e R A . PAR #5 3 —R AT
WIERUE RGE, LTS N DITFC6310R. P4M Fl P4R
WA R S & E AL (real-time kinematic, RTK) &
B, ARSI R e AL . B TE AN R
DJI TimeSync £%t, FJSLEL K%, FHHLS RTK MBS &R
GRS IR, BN ZR E IR B E =%, &R
Xt AHMLEE Sk FR O AT RTK R ZR O i Bk T A, %
i B S B SHPLME RRZE, NIRRT AR 1)
MEFE.

B VR AT VR b 2y 3% B 1 B D 25 G XU (1 24 $h i) pa]
10:00—14:00 #AT. PAM YATAENZEZ B W F: g
BEACN SR R, KATIEE 6.9 m/s, ®FE 100.0m, M
RPN 53 em/AE R, WA A & 508 80%.
FEARSE X 9 A B AR M, T 2 e i s B e i e
b, BT B ARAR I S A 50%,  TE AMLIATR KA A%
(R FE N IR BRB K ) 7 4% . PAR KATAR ML S E B R -
B AN SRR, RATHE 2.0 /s, &E 25.0 m,
R AR 0.7 c/ARZK, WL RIS ) B 563500 75%

15 FH AR BLER AL (4 B F A I S 400 18 B AR AT T
W HLIA PR AL B, 25 Bk b B T 7 5| T (1) 1 SR s
J%F Brown A% IERE AL S AT AR AL IE, Y BRAEMLER
KRR M ATY) R AR, RIUE T RSB LA S .

{8 H] Pix4Dmapper 4.5.6 F A AL BRAN #4222 il A a] WOk
BIg, EBeA S G 5 ) s s S N eE,
ITRHE SR S UURC ;s JE T Re AR s 0 O I A 2 AT
ML SEL, DL X N Z ATk, REL
Wit s DM A= R i, R4 0 2 A A 2
WA e, o M 9 ) 6 AT B AT A OE s A
BRON 2 50 2 WA NS0, B JE AR R 3R T A A
(digital surface model, DSM) FIEFIEH A% . AR
FIHIALFR 2 WGS 84/UTM zone 49N F 5248 F5 £
14 ZHIEFIGFFERE
1.4.1 AEARFEE (VI) 323K

WAL 12 4> VIs (% 1), fii il Pix4Dmapper 4%
A A [ B 0 R S Ee UG A A T SRR AR VI R . Al
H ArcGIS 10.2 B2 il &l /N X i % i B 57 1 g v
G, EEGIALG RN, TEL RSN X R
X 3 EFF /N X 3 55y . A AreGIS BRI 7 X Gt
T H AR T X IR R B VI B, RS AR
56N DX R B X IV B A VT S48, 1 e
X VI AR

*1 AXERNEREERETEAR

Table 1 Vegetation index and the formula used in this study
L=k Z AFN SCHR
Vegetation index (VI) Formula Reference
A — 2 5 R R — R
Normalized difference NDVI= R TR [24]
vegetation index NIR TERED
SRR — 2 AR 2 Rair — Roxe
Green normalized difference GNDVI= ————— [25]
L RNIR + RGRE
vegetation index
L2 R i Ko R
Normalized difference red NDRE = RNIR " RREG‘ [26]
edge index NIR T TREG
I THT % 2R AR B Ryir = RreG
LCl= —
Leaf chlorophyll index Ryir +Rrep (271
N i 21 ke 3 b
DAL SR B (1+0.16) (Ryik ~ Rezp)
Optimized soil adjusted OSAVI = — 016 [28]
vegetation index NIk T ERED T
ZAEAE TR EL _
Difference vegetation index DVE=Ruik = Reep (291
ERIREE SR Rnir
RVI =
Ratio vegetation index RreD (301
N
KA Bﬂ?{ﬂﬁ?‘)}ﬁa %( Rnir — (2Rrep — Rprur)
Atmospherically resistant ARVI = J N T S——— [31]
vegetation index IR RED = RBLUE
MR R A T ( Rk — Reep )
EVI=2.
Enhanced vegetation index > RyiR +6RrED = T-5RpLyE +1 (32]
ARULINS S Eicbil Rwir
Clgg = -1
Red-edge chlorophyll index e ™ Reec [33]
U S A Rk Run
Renormalized difference RDVI= —— [34]
vegetation index Fm + e
R AT 4 A SAVI = (1+0.5)(Rnir — RreD) 35]

Soil-adjusted vegetation index Rnir +Rrep +0.5
W: Rwig~ Rgec~ Rrep~ Rore~ Rprue 77 MIRIEZCAMBB (ND L il B

(B> Z65B (R 96 (G, WA (B) MU %.
Note:Rnir, RreG, Rrep, Rore s Rprue represent the reflectance of the near-infrared
band (N), red edge band(E), red light band(R), green light band(G), and blue light
band(B), respectively.

1.42 SIEAFSEIRIR

KRS K R BORFE B SRR (TFV) FIEL

HIEH (TD o RKPEILAERIFE 2 HARALICK 542 H) 32
OB R AR S5 B R —FhH R J57%, HARALICK 453
FIREF AR LT 144 TFVSP, Asrik# 7 8 4
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i FHE TFVs, 73 5l A3 1H (mean, MEA) . J7 %
(variance, VAR) . P [A ¥ (homogeneity, HOM) .
XFLERE (contrast, CON). AHSEME: (dissimilarity, DIS) .
{5 25 Centropy, ENT) . #HK1E (correlation, COR)
A Fr%i (second moment, SEM) B/, P4M £ i AH
MLEA 5 ANMeik s B, T 33k 40 4> TFVs, ASCH
4N B S itk B (B) HI¥ME (MAE)
109 B_MEA) . 4 &9 B 2 B G 5N ArcGIS #4F,
S FH 552 VI S0 A [R] RO ER X 300t 52 18 47
FEMGACER, DB X 3 R o B2 TFVs. KR 3E
EAERER BRSO B T ACEBFE T s MiEshE O
JUSE (3x3. 5x5. 7x7. 9x9, 11x11. 13x13. 15x15
M17x17%%F), HTHRESIE ORI KEREE
KRG FERI R s KRR E N 64 BRIMEREN 1;
TR FEARXT 4 NT7 (00, 45°, 90°F 135°) it HUkF
AEAE B 3EE AR CR R AR . SRS R X 35k B & 0 FHE AR
THE R 22 208 S M T R 2. %/ IX
TFV B BMEIL N &/ NX TRV AREAE.
ARIAEH TFVs G M8 =28 TIs & X3 y: 4
— A Z F G R 0 (normalized difference texture index,
NDTD, HEZ % (ratio texture index, RTI),
9 — 1k 2 7 90 H $8 1 (renormalized difference texture
index, RDTD), HitHAXuT:

NDTI = (T] - Tz)/(Tl +T2) (2)

KA T F1 T, A HSGE I B RS2 EUR 40 /> TFVs T &
EEL TFV. Rk, &—38 TI AT LA 1600 FlAS[F] f
SURE A .
18 FH A A BA T % B9 Python /5 #1 Visual Studio Code
(VScode) 1.88.0 # {4 SLH £ Je il AR SUHAE B H HL
FIALHE
1.5 ET RGB #GE5HmSEAHNKEEESE
LT Z gL, RGB AL T 5 & 10 R,
IR A ST A8 ] RGB S48 AN b THI 2 2% 10 R A KRG i )2 7
FECS AR T R A A, K B AN B HE
JE AT E AR gy BB 1 RIEE 99 A B RN 1%
A1 99% MR EAR T HEUE. Bk, AR
TRIG X AR HRE AR A AR DSM, 76 & /N X I iR
X3 CHER /N X3 Ry ) Wi HE 4 DSM IS 1 4
PLE, AENHOTH SRR E s SRR, (T R I
AR E KRS T JE I DSM 0HE, I 76 FH [R] B X 45
Wit ZE DSM I3 99 o hi%, 18 N7 2 1 L 5t
. Ba, EiiHEIEE DSM I 99 7 54 DSM
#z2 MANEKISE

{0 W X VA @l L1 o = [ I T B A N R PR = =10 -8
1.6 EEIGE

LNC M1 PNC s it ik 2 i . 2R
o b & 7V o B R REIE A R SR
PP AR SO R i 2 A B AL RS R (VD .
SUEHE (TD . Al GE 2 B (ECHD « H ) S et
JERE (MCH) JH IR RE B HHE (FN), XLedE
PIRLA 8 TR e AR Al Ao 5 RS 30 B 4 1 AR X
BN, HHBAE TAFFED LA R A& T 15,
DT DR VI 250 5 R0 I B 2 TR] BE A% SI2 BN 3 20 B 8 o3 AT,
KH T FaRI B E R k. i — (2021 Fi
FE) ARES = (2022 SFEMEFRE) , 2 oliEdE 3 Ik E LR
RS — IR IR E R AT HEE NGRS, HE
PR RS R 28 = AR NI, DUCRIE VT4 I R 1)
FEVE PRI B 2 AL R T IXFERI 7 19 B H2 R
AN TR B A 2 0] R B A B 22 S SR I A AR S 1, ()BT A
R& B AN SRR R G E S, BRf
B — B A e — N R R . X R
% 7 LAY AR B S SR A T AT IR Bl i, 3k T
AJ B8 T BON R FEGE B TR 22 . AH BT BE LRI 73 8RS
NXEGUE, X PRBSAERRE B RGO, SRR A
[F] Kb B S5 AR I S AT, ARAE DI ZREEFIIRAE  22 RE 1,
T B ] S B PP A B B A R SR TN Iz AL RE T, SR
i K18 B & %l (maximal information coefficient, MIC)
G HTECHE 18] (1) AR DGV FF AT PRAS AR I RFAE . MIC [R) )
8 T BRI A HER MR O &R, HE BRI 1,
RIS RR AP, et i it WL AR R [ U G5 ) 7 I i A
R BEHLARAR BT — R S Sk, B s e
AT e SR () T 45 SR DAKG I Y 22 R MR i
1ZBEAE FH Bootstrap AT M 546 BHE B2 AR B AN TR
KL, BANTFHEAREME - RICER, s SEL
MEARER RGN, MR 2 e RN
R FE SR BB ATLIZE 3% B AR A 1 B g AT R
Gy, X R B A 2 AR IR PRSI LA K
s AR R EESECRE RN ALK, DR
RIRZARE T e AL Tl &5 SR A i o S Fa
(PRSI o AR SCHE A 2R 25 R ) S BB B B
PR B IR, BT R R 2 BT 7 S /AR EOR
R PR A RS AE R 5 a8 R
S8, AR R . IR W€ 2B (coefficient
of determination, R*) . #JJ5HR %% (root mean squared
error, RMSE) Fl1°F 3 44 % i% 22 (mean absolute error,
MAE) {E N 4845, R*. RMSE Al MAE K5 7%
225 3CHR [40] A1 [42]. A SCAEH] Python 75 57 1 VScode
A AT R R i S

LNC 1 PNC B98RS4

Table 2  Statistical analysis of LNC (leaf nitrogen content) and PNC (plant nitrogen content) data

e Hiute FEAYE SN 5 /ME ¥IE bRtz A5 RH
Parameter Dataset Sample size Maximum/(gkg') Minimum/(g-kg’l) Mean/(g-kg") Standard deviation/(g-kg’l) Coefficient of variation/%

YIgrte 40 27.0 16.3 20.8 2.52 12.13
LNC MR 20 27.0 15.5 20.1 3.02 15.02
A 60 27.0 15.5 20.6 2.69 13.09
Il 40 17.0 9.4 13.09 1.78 13.57
PNC MR £ 20 17.4 9.6 12.5 2.08 16.62
S 60 17.4 9.4 12.89 1.89 14.63
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2 HBREHH

2.1 HE#HIEH (VD 57KFE LNC 1 PNC Bt

wmE 2 o, VAl T ATiE A VIs 5 LNC #1 PNC 2
B[] MIC, flTik VIs 5 LNC Al PNC ¥ H A5 % & A 5%
PEs MRAh, PTiE VIs Z [EAFERRAH G, 24 VIsgih
Al RE S BURFMETC A& . KT LNC Al PNC, 26 M d5 i 1)
VI #J°4 RDVI A1 CIRE, H MIC {#)4 0.78. RDVI 5
Fofth VIs ¥ B AW m A M, IER VIs FIARE.
I, A ik RDVI 2 5HEAIF 2 .

LNC m
o S
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Note: MIC is maximal information coefficient, same below.

B2 VIs & LNC A= PNC #9480 %
Fig.2 Correlation of VIs with LNC and PNC

2.2 SUEYHEE (TFV) 57k#5 LNC #1 PNC Ry %M

WK 3 pras, WAL T 404 TFVs fEAN A & H R
LNC A1 PNC Z [ A . %FF LNC F1 PNC, R &
UF i) TRV ¥ 8% 11 K/ A 5x5 {1 B_COR, MIC {144
0.61, HIAth TFVs # MIC {H3/MN T 0.50. 5 VIs 4Lk,
TFVs 5 LNC 1 PNC 2 [f] () ket 5 22

% 1R ~FWindow size/f§ &
® 3x3 m 5%5 ® 7x7 A 9x9
¥ 11x11 =13x13 = 15x15 +17x17

0.65
055
045t s ue ¢
SRy WA B e ol "
= i (3] O * " y O
S 035 Eﬁ*' s aie Frox, 3 *erlr
By T L g el
025 PR & o CRE RS
. »
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a. TFVs & LNC
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TE: HARRT R (B) . 6 (G, 4 (R). 4l (B) M
LA (ND PEBXI) 8 A~ TFVs, 40 4> TFVs T 459 1~40.

Note: Eight TFVs were extracted for Blue (B), Green (G), Red (R), Red Edge
(E), and Near-Infrared (N) bands, resulting in a total of 40 TFVs (No.1-40).

B3 EAFAEE TFVs 5 LNC #= PNC #4948 %%
Fig.3 Correlation of TFVs (texture feature value, TFV) and LNC
and PNC

2.3 gUEiEH (TD 57K% LNC #1 PNC HIMER S
Eatb® a8 7 ARG H RS T Tls 5 LNC Al
PNC Z [ fHG 1. B 4a J@n THEARE O RS F LNC
AI=2 TIs A MIC AL 1E L. NDTI7E & H R
11x11 i NDTI (E_ENT,N_ENT) £¥ &, MICH N
0.67 ( & 5a) . RDTI{E & R ~F 24 11x11 B} RDTI
(E_ENT, N_ENT) FIHM, MIC N 0.67 (K 5b).
RTI 76 & 1 R~} 9x9 Bif RTI (N_COR, B_HOM) F
A, MIC K 0.68 (& 5¢). & 4b fEx T PNC fil =
K Tls fEAF & ORSE R A AR IO, HE R
fhia# 5 LNC ML,

=+ NDTI «RDTI -RTI
0.70 0.70-

G 065 o 065
= 0.60 = 0.60
0.55

0.55
357 9 11131517 357 9 11131517
FOR EHRY
Window size/{% 2 Window size/{§ %

b. TIs 5PNC##R fEMIC{E
b. Optimal MIC values of TIs and PNC

a. TIsSLNCHI R EMICTH
a. Optimal MIC values of TIs and LNC

B4 ARE R TR TIs 5 LNC A= PNC 4948 X
Fig.4 Correlation of TIs (texture index) with LNC and PNC at
different window sizes

GEIRFK W], 454 TFVs M TIs A DL W25 1 0 AR
SUHEE B LNC A1 PNC 2[RI A M. BEE & RS
B3N, =3 TIs 5 LNC Al PNC ) & flt. MIC & {4 48
e H N LT E TR, M DRSS 9%9 B [ RTI

(N_COR, B HOM) F I L, MIC A 0.68, #H L&
. TFV & 11.48%. W 4 fiox, =28 TIs 5 LNC M
PNC ) ¢ £t A1 IR AR 1) MIC A ¥ 78 & 0 R~ A 9x9 i
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16 24 32
TFVs TFVs

d. NDTI & PNC

b. RDTI & LNC

e. RDTI & PNC

B /N A K3 2 BRI TIs 5 7K &% LNC F1 PNC 4 4
Kotk o
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-0.2

-0

1 8 16 24 32 40
TFVs
c. RTI & LNC

MIC
0.8

16 24 32 40
TFVs
f.RTI & PNC

e B RE— IR AR —Fl TI 5 LNC BUPNC ¥ MIC {H: TIHHKCFRIE EARKRXS RL 2 A~ TFVs TG e BRI S LR S5 1 3 k.
Note: Each element in the figure represents the MIC for a TI with either LNC or PNC; The TI is calculated from the two TFVs corresponding to its horizontal and
vertical coordinates; Please refer to the note in Fig.3 for the meanings of the horizontal and vertical coordinates.
B 5 NDTI (11x11). RDTI (11x11). RTI (9x9) & LNC #= PNC #j MIC 15 # &
Fig.5 Heatmaps of MIC values of NDTI (normalized difference texture index)(11x11), RDTI(renormalized difference texture index)
(11x11), RTI (ratio texture index)(9x9) with LNC and PNC

24 HNEESEEEITN

WK 6 fix, &/NX MCH 4478 58.3~91.1 cm 70
FEl 9, ECH A1 E: T H [a) 1 52 1 MCH A %8¢ — Bk,
R*. RMSE. MAE 73%14 0.77. 3.4 cm. 2.8 cm.

100 P 1:1
g R>=0.77 //
o =
S 90} RMSE=34em %o}
i .%‘3 MAE=2.8 cm
EZ 80
I &
22 -
“:
& /®
~
50 60 70 80 90 100

ST R e
Measuring canop height/cm
He WHMAEEZHELEEMNEEZEN—HNK
Fig.6 Consistency between estimated canopy height and measured
canopy height

2.5 T REYFERLA BIRERILE

F 3 BN T T AN FRFAE 2 A R BE AL AR R (5] )51 45
S5 LNC Al PNC iR I6 45 3. M TR VI, X
AL 38 [ 5t T UL £7%) 28 45825 500 il 25 T DA 2803 T

TGRS . BB VI A S &R, X LNC fI{h
THCRARES PNC 3, XEm TR HEESSLEER,
ot RO e E i RBVA R & 1 PNC &)
I IR P CLE I, Rl VI I s s RO
AR 22 o FEAAE AN RRAE il G i), VIFTL 414 XF
LNC [ SRS EAL T AL &, BT TIESKEEE
S E R, ST LNC B3 T 25 R AH L AR 58
B ; XFF PNC, VI+FTIHA{UIXT VIFMCH A4, X
KHLHE RS 5B A ] B2 UGS KBA ST EMN R
BORE R, ik 2 AR (ECH 8L MCH) 2 51570 #)
X PNC ¥/ R BEJE R AR B LNC oA B3, X2
BT 7e 2 R T O T AR B AR ORI A B B
(AL PNC 1 S 38 A% FE B A ROR S B 2 ;. MCH AH L
T ECH X $& FH AR AAS FE B S A i8R . B4k, FNAE
B A N AR T R TR RS B

IS R B E AN 2 A ERE TR G B, R
A8 VIHTIHECH B 7EA4E E R I, LNC /) R,
RMSE Al MAE 43 % 4 0.822. 1.242 g/kg F1 0.954 g/kg;
PNC ) R®*. RMSE. #1 MAE 7 %4 0.829. 0.836 g/kg.
0.718 g/kg. K B Jo NATLIE I A Hb iYL 1) 22 B2 £
YEah &, $FAEH SN VIFTIHMCHAFN I 78 iR 4
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F YR, LNC ¥ R2. RMSE 1 MAE 43 5] 4 0.854.
1.124 g/kg A1 0.853 g/kg; PNC ff] R*. RMSE Al MAE %
H4 0.865. 0.744 g/kg F10.570 g/kg. FHEHA VIFMCH+

FN fl VI+TI+ECH+FN 7E IR 4L R 3R R ah -, W fp
HAXF LNC Fll PNC S isifg S RO T, SR T it hr
A4 VI+TI+MCH+FN.,

*3 ETTEFHELEAFPENARKEVIRE KR LNC 1 PNC #E LR

Table 3 Comparison of inversion accuracy of LNC and PNC based on different feature combinations and random forest regression models

FEHE e e/ R RMSE/ MAE/ RHE ZH AE/E S R RMSE/ MAE/

Feature Parameter Dataset (g'kgh (g'kgh Feature Parameter Dataset (gkg™h) (g'kg")
LNC :un%% 0.830 1.027 0.764 Vi LNC })II%% 0.949 0.563 0.430

Vi ‘{M i 0.788 1.358 1.083 T ‘{Dlﬂ'bﬁ% 0.822 1.242 0.954
PNC }JH%% 0.838 0.705 0.533 ECH PNC ylléfi% 0.945 0.410 0.305

A 0.758 0.996 0.793 A 0.829 0.836 0.718

LNC ?)Hé;i% 0.885 0.844 0.633 vis NG yn%% 0.908 0.756 0.576

VI+ MAEE 0.805 1.301 0.987 I+ A 0.842 1.171 0.895
TI PNC IS 0.905 0.542 0.419 MCH PNC S 0.921 0.492 0.386
WG 0.796 0.914 0.700 WA 0.838 0.816 0.632

Il 0.834 1.015 0.771 IR 0.903 0.776 0.587

VI+ LNC Wik 0801 1313 1.035 E‘C’IIL LNC WitE 0807 1.295 1.075
FN PNC I 0.915 0.510 0.384 N PNC WgrsE 0.936 0.443 0.316
A 0.792 0.923 0.729 A 0.761 0.991 0.832
YIghtE 0.903 0.775 0.590 Ygrte 0.909 0.750 0.561

VI+ LNC M 0.792 1.343 1.115 M‘g;+ LNC WA 0.840 1.178 0.916
ECH PNC IS 0.950 0.391 0.306 FN PNC IS 0.909 0.529 0.400
WA 0.794 0.918 0.778 WA 0.857 0.765 0.606

LNC W@“% 0.902 0.778 0.581 VI+ LNC »)llé#% 0.921 0.701 0.516

VI+ MR 0.795 1.332 1.114 TI+ M4 0.854 1.124 0.853
MCH PNC VIIE %S 0.887 0.589 0.437 MCH+ PNC WgrsE 0.941 0.425 0.324
A 0.822 0.853 0.673 FN A 0.865 0.744 0.570

YIghtE 0.880 0.863 0.654 VI+ Ygrte 0.953 0.542 0.426

‘T’III LNC WK 0812 1277 0.969 T+ LNC WA 0841 1173 0.924
FN PNC })H%ﬁ% 0.950 0.392 0.294 ECH+ PNC })Ilé}ﬁ% 0.949 0.398 0.307
WA 0.827 0.841 0.651 FN WA 0.853 0.776 0.636

3 i i BEN 30 cm, FREE Y 14 A1 21 em CHLAE BR B 3R 46 %%

DAFER 9 2 A8 F >R B T8 AHLI S [RlA% 2R 38 3R U 22
BSEEEATRG, 28Tk B ) 2 RS E S,
HZ B 5 A0 8 TR T8 S ) — P A5 B0 i3 17
G, FE—ERREM . Jo AN RS BT
(1) 2 PRBLES HdE b & mT DA RORAME G T E A S, 1
AR VIERAE 7RG E M — e 5 5, g I
BTIRME T s madE R, wEmE (ECH 8
MCH) NHgt 7 =42 a5 /45 5, H I %8 # FN
RETERREHEGEE. HRSGERYE, TAVEKSH
TN 1) 22 A58 25 500 o 7 1 A 7 (R TR A I /K e 5
R R S A S EE R AR T, FER RS
FRH RIS T, 2R HE MRl & fe 0 2080 i i
GRS, REBEEZ R

SR YRR N FEREYE, AR TR
MAE Ak, BE0E A0 [F 1 S5 4 A0 [ 0 S 0 B 5 1 2B 19
KZH TFV 5 LNC Al PNC fMH <8855, Xt TFVs it
ITHRAABEAR Tls, AR TS MES RS &
AR DS o B 1 RS 3k 38 S5 25 52 ) S0 40 7 8 S 1
BUNWE DR STRERSOR B s S (M HF R, (HARe S K
OWEAESR. BRRKME DS E 2GR, Bl
2 XGRS A e md, (R D se & 3 B Arks
IESEORBE TR s, SRME DRSS
SUFR AR A AL B S T TR A R R SR A B, ik
BB IR SF % RE e 78 5 /0 — K RBALIE AT R, FFIR
FE B KAG LA IR e M L S B A SRS (R R A AT

). e, FrigtdE ORSE /DT A E 55 30 om,
4G 2 B SRAE 100 m = ER HEER 73 8% 8 5.3 em/fR
x, WEFONMERULMEORS . HTFHEORS A
L AU R T} T R RIE O RSF . NI RE
W5 R, AR OGRS AR, & SInE N
b, BRI 9x9 F 11x 11 BE&E S AE BRI & B RS,
X5E 4 ER RIS R

Z RSB RS A AR T TR B RS . RRE
HE VIHTI+MCH+FN 7EMASESRG T AR, {5 MCH
(SR TR B AT — e MR 1573, FEXT BB 3% 0. HEAE
H& VIHTIHECH+FN BRI i RFHEA &, H 5%
PEMETE e Rk, 256G 2 B8 STHUAS FEE AR S o #5471 5 13
M, A A AR AE 4L & VIATIFECH+FN. 5 48
WF 5T N IF Kk 3t — 54T+ ECH ¥ B (1 532, #E 2 7Hs
M ECH Z 5 i 8L (1) )RS B o A SCMAETE 3093 =) PR
PE, ATE TR AT RN 100 m B F B AL B E DR
b, AETRAT S T B IR AR R A FEER AR, XA AT
RESZ I B P 20 i U RSE e #% . N — B AU IR BT AN
5] 6AT = B e AR B o RSP IR R s . thAh, AR
AV T X AR S #AR LNC F1 PNC 1 B0, &
SR TR I R HA AR B IR LNC A1 PNC AL,

4 % 1B

ASCWCER T ARGy« AN TR 23R AL B ATA [7) o L 5
JEE 1) B (] 7K A% LNC A1 PNC #dli . SRBEME T HET LA
AL B 5 4t i L0 114 2 A5 2 B ol a5 £ 7K R 3 ) 34
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LNC 1 PNC S B2, BE i i )R K R | & &, A
K e HH [) 8 BNt JE e SR AR AR 2 AR . E S5 T .

1) o ANHLIE RS H i S0 ) 2 s i m G, (8
BEMLARAR B SR A AR, m 2 R KT S5 KA
BB RIERERE, 25675 BRI AR B A0 S PR E (1 (2
FEME, HERE R AR A RIS (FE AR 4R B+ a0 B 45
B+t e 2 v P+ TR 03 B ) . 2RI S AE
RE LRIUAT A& & (leaf nitrogen content, LNC)
FIFE PR & & & (plant nitrogen content, PNC) J i i,
YeE ZH (coefficient of determination, R*) 43714 0.841.
0.853, ¥ HIRI%Z (root mean squared error, RMSE) %
AN 11735 0.776 g/kg, “FIJ4a%F iR % (mean absolute
error, MAE) 73728 0.924. 0.636 g/kg.

2) SR AT H G s E A R R SO 4
#, DL RGEBGE BT B I RST A SO T SOEE B
KRR S 'R WG RH, JTEANL AT
BN 100 m B, K RS SR AR AR FE IR B ORI
9x9 {4 F I 14 12 1) LU (B 20 3 5 205 LNC F1 PNC [FAH ¢
P, B KME B &% (maximal information coefficient,
MIC) fE354 0.68, FLLHEMEEEFFEE (B_COR(5%5)),
MIC {EIHRTF T 11.48%. XJ T KA ML A B 1) R e 25
FE, MWL CATEIEE N 100 m B, AR 36 A i B 1 o
B R 9x9 5 11x11 BTG R Tls 57K LNC
A PNC HIAR KA AL -

3) i 2 m AR NN RHIE S 5 AL ] AR Y
B ZERAKBR S ENREREZ. W85 R .
ity T ek J2 v R N H R B A RS B, R*. RMISE.
MAE 4314 0.77. 3.4 cm. 2.8 cm. i )2 H fE S 5
R PNC () SIERS BEHE TR AH L LNC B 5.
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Inverting rice nitrogen content with multimodal data fusion of unmanned
aerial vehicle remote sensing and ground observations

WANG Yuwei'! , MA Xu'*, TAN Suiyan®* , JIA Xingna® , CHEN Jiaying! , QIN Yijuan!,
HU Xihong? , ZHENG Huiwen?

(1. College of Engineering, South China Agricultural University, Guangzhou 510642, China; 2. College of Electronic Engineering, South
China Agricultural University, Guangzhou, 510642, China; 3. Zhaoqing Institute of Agricultural Science, Zhaoging 526070, China;
4. College of Mechanical and Electrical Engineering, Xinjiang Agricultural University, Urumgqi 830052, China)

Abstract: Nitrogen is a key nutrient for crop growth. Excessive or insufficient nitrogen affects crop growth, yield, and quality.
Additionally, excessive nitrogen fertilizer can cause soil and water pollution. Applying panicle fertilizer during the late jointing
stage can promote rice panicle growth. Therefore, accurately and timely monitoring of nitrogen status in rice fields during the
late jointing stage and timely optimizing fertilization strategies is crucial for ensuring rice yield and environmental protection.
This paper integrates multimodal data from unmanned aerial vehicle (UAV) remote sensing and ground observations to
construct inversion models for leaf nitrogen content (LNC) and plant nitrogen content (PNC) of rice at the late jointing stage.
The research was conducted at the Shapu Experimental Base of the Agricultural Science Research Institute in Zhaoqing City,
Guangdong Province, with two field experiments carried out during the late rice seasons of 2021 and 2022. Each of Experiment
1 (2021) and Experiment 2 (2022) included 30 experimental plots, designed with 5 nitrogen fertilizer gradients, 2 planting
densities, and 3 replications. Phosphorus and potassium fertilizers were applied uniformly across all plots. UAVs equipped with
multispectral and RGB cameras were used to acquire remote sensing images of rice canopies during the late jointing stage.
Vegetation indices (VIs) and texture feature values (TFVs) were extracted from the multispectral images, with TFVs derived
using the gray level co-occurrence matrix (GLCM) method. Texture indices (TIs) were then constructed by combining TFVs.
RGB images were used to generate digital surface models (DSM) for bare ground (pre-transplant) and rice fields (late jointing
stage). These DSMs, combined with ground reference methods, were used to construct crop surface models (CSM) to derive
estimated canopy heights (ECH) for each plot. Manually collected data included measured canopy height (MCH) and field
nitrogen management data (FN) used as ground observations. For each experimental plot, three representative rice plants were
selected as samples. After removing the roots, the leaves and stems were separated and dried at 85 °C to a constant weight,
which was recorded as the aboveground biomass of the leaves and stems. The true values of leaf nitrogen content and stem
nitrogen content were obtained using the Kjeldahl method. Combining these values with the dry weight data, the true values of
plant nitrogen content were calculated. The maximal information coefficient (MIC) was used as an evaluation metric for feature
assessment and selection. Random forest regression algorithms were employed to construct inversion models for rice LNC and
PNC, respectively, using the coefficient of determination (R?), root mean squared error (RMSE), and mean absolute error
(MAE) as model evaluation metrics. The analysis and experimental results indicate: TIs constructed using combinations of
TFVs significantly enhanced the correlation between texture information and LNC and PNC. When the UAV flight height was
100 m, the Ratio Texture Index constructed using a 9x9 sliding window size in the GLCM method showed the best
performance, improving the MIC value by 11.48% compared to the best TFV. For conventional machine-transplanted rice
planting density, the correlation between TIs and LNC and PNC was best when the GLCM sliding window size was set to 9x9
or 11x11 at a UAV flight height of 100 m. The ECH derived from the CSM showed a high correlation with the manual MCH in
the field. Including canopy height (MCH or ECH) as an input feature in the random forest regression model significantly
improved the inversion accuracy of rice nitrogen content. The ECH extracted from the CSM showed high estimation accuracy
(R* = 0.77, RMSE = 3.4 cm, MAE = 2.8 cm). The inclusion of canopy height (MCH or ECH) in the model construction
improved the inversion accuracy for PNC more significantly compared to LNC. Integrating UAV remote sensing and ground
observation multimodal data, the random forest regression algorithm significantly improved the inversion accuracy of rice LNC
and PNC at the late jointing stage. Considering both inversion accuracy and operational convenience, it is recommended to use
a feature combination of VI+TI+ECH+FN in field production. The results demonstrate that constructing random forest
regression models by integrating UAV remote sensing and ground observation multimodal data can accurately detect rice LNC
and PNC, providing a scientific basis for rice field management and fertilization decision-making.

Keywords: UAV; remote sensing; ground observation; multimodal data; fusion; rice nitrogen content
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