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Abstract: The maize leaf area index (LAI) is a key parameter for reflecting growth and yield of maize, and the pollina-
tion stage being crucial for determining ear kernel number and yield. This study aimed to identify an effective inversion
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method to accurately estimate the LAI of Nanfan maize at pollination stage. Nanfan maize at pollination stage was used
as the study subject. Canopy reflectance data were acquired using a ULTRIS X20 PLUS hyperspectral imager mounted
on a Jingwei M300RTK quadrotor UAV platform. Based on correlation analysis, 28 LAl-sensitive vegetation indices
were selected. Two traditional empirical models, univariate linear regression (ULR) and multiple stepwise regression
(MSR), and four machine learning models, partial least squares regression (PLSR), random forest regression (RFR),
support vector regression (SVR) and back propagation neural network (BPNN) were employed to construct LAI inver-
sion models. The prediction accuracy of different vegetation indices and regression algorithms was compared, and the
optimal inversion model was selected for accurately predicting the LAI status of Nanfan maize at pollination stage. Most
vegetation indices exhibited highly significant correlations with LAI (P<0.01). Compared to univariate regression, mul-
tivariate regression models provided higher prediction accuracy. Among them, RFR, MSR and PLSR models achieved
the highest R* values, with coefficients of determination (R®) of 0.96, 0.85 and 0.80 and corresponding root mean square
errors (RMSE) of 0.18, 0.35 and 0.41, respectively. By analyzing the correlation and sensitivity between hyperspectral
data and maize LAI, and employing vegetation indices calculated based on hyperspectral information combined with
regression algorithms, this study successfully developed a reliable LAI inversion model, and established a spatial dis-
tribution of Nanfan maize LAI at pollination stage based on the RFR model with the best inversion effect. The model
would provide both theoretical support and technical guidance for LAI estimation and field monitoring of Nanfan maize

growth and development.
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Fig. 1 UAV hyperspectral system
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Tab. 1 Summary of UAV flight and sensor parameters
F8H5 Index ZH Parameter
SRRk fi] 2022-01-15
et ULTRIS X20 PLUS
AR /m 40
AT /(mes ) 5
UINEE =7 75
5 ) H B /% 75
23 [6] 43P /em 1.5
P8l /nm 350~1000
J i R A /nm 4

13 HXiESHHIEE

HR YR M IR EE | AR B A, XN [ R 28 A
VAR BOI AT, BEIE & R Bk . KGR
YEY) LAT BURMME w5k, DL — S ar i B iy
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Tab. 2 Hyperspectral vegetation indices selected in this study

HI# 15 %L Vegetation index

5/ 20 Calculation formula

%% ik Reference

L0304 B 5% (REP)

5 —Ak 22 FOLREFR AR %0 (NDSI)
2 ETEE 4L (Cl red edge )
B 2% (DDN)

LA G584 2 (NDRE2)
EIEA—EEi% 840 (mND705)
Lg% 2 (VOG2)

TR TR R 2 (SAVI2)
WZEHEH (DD)
PSR 1 (SAVIN)
Bkt R IS E ( MCARI)
ki Hbu T2 8L (MTCI)
P+ IR T A B FE 40 (OSAVI)
B BAR AL (NVI)
ORI 2 2 WHE AL (MCAVT)
LA G584 1| (NDREL )
21148 %0 Vogelmann ( VOG )
ot 5 2GR EL (CI green)
gOEIH— LA PR £ (GNDVI)
Bk = MR R (MTVI)

B LLI L EARBE 5 (MSR)
A —f 2= St E 4640 1 (NDchl)
I EAE B R4 (RVI)

B LL A AR HHE 40 ( mSR705)
A7 54 LU A A W 45 %0 (SRI)

A — LA BT E (NDVI)
g RIAE Y PE 4 (EVI)
—FREPEFEEL (TVD)

REP=700-+40x[(Rs70+R7s0)/2~Ry00]/(Rr0-Ryo0) [16

NDSI=(Rygs-Rys)/(Rogs+Roas) [
CI red edge=Rgo0/Rys0—1 [
DDN=2xRy;y—Res0-Rrgo [
NDRE2=(Rso0—Rs50)/(Rsoo+Ros0) [
MND705=(Rys0—Rros)/(Roso+Rros+2Ruas) [
VOG2=(Rys34.7-R747.7)/(R714.4tRy2s.5) [
SAVI2=(1-0.08)(Rs25~Ry35)/(Rezs+Ry35-0.08) [
DD=(R;50—R720)—(R700—Rs70) [
SAVIT=(Rsoo—Re70)X(1+0.5)/(Rsao+Re700.5) (L=0.5) [
MCARI=[(Rss0-Ryos)-0.25(Ryso—Rss0)1(Rrso/Ryos) [
MTCI=(Rss0-Ry10)/(Ri0-Reso) [
OSAVI=(1+0.16)%(Rsao—Rs70)/(Rsoo*+Re70+0.16) [
NVI=(Ry775-R747.7)/Re73.7 [
MCAVI=0.2x [2R0+1= 2 x \2Rg0+1 =8 (R = Rizo)] [29
NDRE1=(Rys0-Rr06)/(Ryso+Ryos) [
VOG=Ry40/R0 [
CI green=Rggo/Rsso—1 [
[
[
[
[
[
[
[
[
[
[

GNDVI=(Rs00—Rss0)/(RsootRss0)
MTVI=1.2x[1.2%(Rg00—Rss0)—2.5%(Rs70—Rss0) |
MSR=(Ryyy/Rs70 = 1)/y/ Roo /Ry 1
NDchl=(Ry25—R710)/(Ro25+Ry10)

RVI=Rg00/Re70
mSR705=(Rys0—Ru4s)/(Rros+Ruas)
SRI=Rso0/Res70

NDVI=(Rso0—Re70)/(Rsoo+Rs70)
EVI=2.5%[(Rs00—Rs70)/(Rsoo—6Re70—7.5R47511)]
TVI=0.5%[120%(Rg00—Rs50)—200%(Re70—Rss0)]

* R445 N R475 N RSSO N R(yé(] N R670 ~ R673.7 N RGSO N R700 ~ R705 ~ R706 ~ R710 ~ R714.4 N R720 ~ R725.5 N R734A7 N R735 N R740 N R746 N R747A7 N R750 N

Riss+ Rrso. Ri773+ Risor Ryss. Rsoos Reas. Ros 233 37R 445, 475, 550, 660, 670, 673.7. 680, 700, 705, 706, 710, 714.4. 720.
725.5, 734.7, 735, 740, 746, 747.7. 750, 756, 760, 777.3, 780, 788. 800, 825. 925 nm YK K AL AT,

Note: Russ, Ras, Rsso, Reso, Re70, Res73.7, Reso, Rroo, Roos, Rros, Rr10, R1a.as Ro20, Rozsis, Rrza, Ross, Ryso, Ryas, Ryaz.7, Ryso, Riss, Ryso, Re77.3, Riso,
Ryss, Rsoo, Rs2s and Ryps indicates the reflectance at wavelengths of 445, 475, 550, 660, 670, 673.7, 680, 700, 705, 706, 710, 714.4, 720, 725.5,
734.7, 735, 740, 746, 747.7, 750, 756, 760, 777.3, 780, 788, 800, 825 and 925 nm, respectively.
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Tab. 3 Trained and validated statistical results for LAI
during pollination of maize

ma PR pocm moME TR RRERE R R

Item Sample Max Min Mean SD CV
number
BEEA 116 4.36 1.15 2.95 0.91 0.31

YIZREE 92 433 1.15 2.95 0.92 0.31

Ciane 24 4.36 1.56 2.95 0.91 0.30

e X LAT S R HURAOGIE R 5, SR )51 Ik
OGS SEUE N A2 &, 275 HAh T A LS D6
i AR AR A A A ST PR AR R S WAL 2%
R SR — o4 EMIH (unary linear re-
gression, ULR )1 Z 0% A [0 )9 ( multiple stepwise
regression, MSR ) 2 FME S 2256 [MIHAR AL, DL A
/N "l 1H ( partial least squares regression,
PLSR ). 3Z ¥ s HLIENH( support vector regression,
SVR) . BEHLARM IS ( random forest regression,
RFR )1 BP #1245 % 4% 1] F( back propagation neural
network, BPNN ) 4 L4 =% > Jr i X 524 1 £ oK
LAT #EA7HU ., {4 ] SPSS Statistics 27 #X{4: ( IBM
Corp., Armonk, NY, USA ) #47 ULR, MSR f#!
AR, ff I MATLAB 7.0 %X TheMathWorks, Inc.,
Natick, MA, USA ) #£47 PLSR. SVR , RFR, BPNN
BORVEAT, FReZC, 0 Uk £ T I Zr AL 55
P EE I SO AR R EA T B0 E S 0k, AR TR Ak T 5
DARE A SEmE g 1 1 28

K P E ZH (coefficient of determination,
R®) FIJ7 #i% 2% ( root mean square error, RMSE )
PP oK DAL BERY Y RERG BE o S DA DA
i, ROBEEIT 1, RMSE ##2IT 0, iIARAII &
RORBRGT, S E0RG B B o

RMSE IR AT

Ruse- (1> (R -

A, PyAT O 4351 54 5 2K LAT A8 FU 00 {7 A S 4,
n i‘j;ﬁézlgiio

2 ZHREHH

21 BREBIEMNBEXESTSHBEES T
AR E K LAL 5 5D AR80E 1Y

AHOCHE, RS RAE SRS NI By R, i

TGIESE 5 £k LAT M0 . KITE

720 nm B2 T AHE, 720 nm J5 2 1IEAH K 1E 750~
1000 nm JEKFEHEN, LAI S5E6is R R BA
BRI DG, Bl DA B 388 n A G T i R
TE 690~746 nm Ab, LAT 5 &Gk i 5 % i AH v
Mg hn, 76 746~880 nm 4k, LAI 5 G s ot
RIF M F T H B E S, £ 910~1000 nm
Ab, LA 5 @it SO R A ek B e i, B
Ak 958 nm B YAHC R ECH 0.517 (Kl 2) .

0.6 (958, 0.517)
/
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Fig. 2 Correlation coefficients between maize LAI and
spectral reflectance in different bands

FHFE RS Correlation coefficient

Y LAT 2846255 R R HEE 9 A8 1k
X B ORAN ] LATAE 63 s 5 2R 0 A8 Atk A7
GyMT, SRR, G R B R A UK R N
W Tt #F 690 nm J5 il [ Ft; #F 880~890 nm
TFUH B WA 5 75 690~750 nm 2T 31 i1 B 31 il 4 Ot
TR SR AR EL, PR, i B ARk B R
HELL I B 5 7 750~900 nm I BEIE FE Y, i
ST B LAT (380 2 S 5 48 i 28 ka3 L AT
2.5 IR, LAL y 4.4 B 5 2% i e &
3) o RFERAEI R LAT 8RR, St
S EEZ W, SBUUFWAL; 1 LAI
TE 2.0~2.5 Z (A B}, 52 F K I B I A 43 A A2

[ T AL
04— TAI20
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= 021 :
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Fig. 3 Sensitivity analysis of different maize LAI
in different bands
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SRR LAT A0 35 5 ELAR 34010

23 ETHATESZBTENEXRLAIGN
1R

231 ATHEATEHIRLAISMNER 5
25 06 [ U1 43 B AR AR 2 S 1 e 8 A I g i gt
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Tab. 4 Correlation coefficients between maize LAI and vegetation indices at pollination stage

i AL BT s IEES =g i PE
No. Vegetation index Correlation coefficient | No. Vegetation index Correlation coefficient
1 I EFEE (REP) 0.789" 15 BufAHgRBIIEEE (MCAVI) —0.735"
2 H—fe2ERotiEfeEeE S (NDSI) 0.784" 16 £rifiA—fotif4e4k 1 (NDREL) 0.733"
3 DM E ISR (Clred edge ) 0.780™ 17 £I3845% Vogelmann ( VOG ) 0.732"
4 HWE4E% (DDN) -0.779" 18 HOLME IS (CI green) 0.727"
5 A fotiEdE% 2 (NDRE2) 0.774™ 19 OA—{eHEbFE%E (GNDVI) 0.715"
6  BIER—fLGiEHE%E (mND705) 0.756" 20 Bl AEREEEC (MTVI) 0.715"
7 LIiliE%2 (VOG2) —0.755" 21 BOHLLH L EREE (MSR) 0.711"
8  THERETTHIPEE 2 (SAVI2) 0.751" 22 A—fbERMEEEREE 1 (NDchl) 0701
9  XWEiEH (DD) 0.750" 23 HfERIHIEE (RVI) 0.696™
10 IEPEIHIGEEEC L (SAVID) 0.746™ 24 BGHLLH I EAE RS (mSR 705) 0.695™
11 BORHR RS (MCARI) 0.741" 25 fEEALL{EFE RS (SRI) 0.695™
12 RlsERIEE (MTCL) 0.739™ 26 FA—fbAEBHRE (NDVI) 0.692"
13 AR (OSAVI) 0.738"™ 27 MERRAUEEEE (EVI) 0.638"
14 SHrAUEREIEE (NVI) 0.736" 28 =SAMEHHEE (TVI) 0.580™

T THEAREEMLE (P<0.01)

Note: " indicates extremely significant correlation (P<0.01).
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Tab. 5 Prediction model and validation of maize LAI with

single spectral parameter at pollination stage

MSR ZfLBE 15, BiEfE M R 4 0.80, RMSE
9 0.40, YESBIFEIRZEZZE/N, 7 0.05;
PLSR fae MhEff, JIZESHIESE RMSE #1H

L . pIEES R4 ;
TRAR R [ =75 Training Validation 12 0.02; SVR 5 BPNN SiF 8 R 20510 0.61 .
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y=0.29%-207. . . . . IO A i e et A g I
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Clred edge y=16.64x-0.88  0.61 057 0.60 057 TR | A R B, IR B T 5 4 f*i: I_)DN
DDN y=17.76x-032 0.6 057 055 0.59 Clred edge. SAVI2, NDRE2 fI VOG2, f338IbrifEfL
NDRE2 y=40.56x-122  0.60 058 0.9 057 FH 7 FE: y=1.975-25.606xDDN+215.187xCI red
mND705 y=8.87x-3.26 0.57 0.60 051 0.62
RVVRS 3 RN S 3 1 A
VOG2 y=5.12x¢070 057 060 050 0.64 £6 SNMHRIESBHOEXRFZHE LA ENEE R IGE
Tab. 6 Prediction model and validation of maize LAI with
SAVI2 y=11.94x-1.48 0.56 060 0.52 0.63 multiple spectral parameter at pollination stage
DDI y=21.63x-0.06  0.56 0.60 0.53  0.61 — . presym
n L N . R Training dataset Verification dataset
BSR4 5 e D 05 T B0 S Bk e Model | —— e
LAI 1'#?{5‘“%@ , *ﬁﬂ E‘JUH%%%HE@}E%@M% PLSR 0.80 0.41 0.77 0.43
ke 5K 4 Urw, S5RFW, AREBEIXNEK RFR 0.96 0.18 0.85 0.37
LAT (A5 PEREAF 72 2 35 25 5%, RFR A 4581 SVR 0.61 0.57 0.61 0.56
R e, WISRER R H 0.96, BIFE R R 2 0.85; BPNN 0.62 0.57 0.60 0.55
MSR o N4 PLSR o ISR RFR o INiF4E
57 r=080 . R 51 R=077 = fERIE 57 R=0.85 . REEE
RMSE=040 — — y=X = , RMSE=043 — — y=x = , RMSE=0.37 — — y=x B
N A

LAI Fii{s
Predicted LAI
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w
T

R?>=0.80

LAI HiifE
Predicted LAI
w

R*=0.96

RMSE=0.41 . RMSE=0.18
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— 4r 7 ’ — 4r ® 4 ’
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B 3r BE 3t
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207 vl 2[R
° “o /. .
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d 4
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Fig. 4

Inversion model of maize LAI training dataset and validation dataset based on multiple spectral

parameter at pollination stage
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Fig. 5 Variable importance in the projection in maize
PLSR model at pollination stage
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Fig. 6 Variable importance in the projection in maize RFR
model at pollination stage
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Fig. 7 Spatial distribution of LAI in maize at
pollination stage
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