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Table 1. List of candidate vegetation indices for this study.
Abbreviation” Name Formula” Type* Reference
NDVI Normalized difference vegeta- (NIR — R)/(NIR + R) 1, Red/NIR Rouse et al. (1974)
tion index
NDRE Normalized difference NIR/red- (NIR — RE)/(NIR + RE) 1, RE/NIR Barnes et al. (2000)
edge index
GNDVI Normalized difference NIR/ (NIR — G)/(NIR + G) 1, Green/NIR  Gitelson et al. (1996)
green index
BNDVI Normalized difference NIR/blue (NIR — B)/(NIR + B) 1, Blue/NIR Yang et al. (2004)
index
NDGR Normalized difference green-red (G-R)(G+R) 1, VIS Hunt et al. (2005)
index
NDGB Normalized difference green- (G-B)(G+B) 1, VIS Hunt et al. (2005)
blue index
RBNDVI Red-blue NDVI (NIR — (R +B))(NIR+ (R +B)) 1, VIS/RE Wang et al. (2007)
GBNDVI Green-blue NDVI (NIR - (G + B))/(NIR + (G + B)) 1, VIS/RE Wang et al. (2007)
EVI Enhanced vegetation index 2.5(NIR = R)/(NIR + 6R —7.5B) + 1) 2, VIS/NIR Huete et al. (2002)
EVI2 Enhanced vegetation index 2 2.5(NIR — R)/(NIR + 2.4R + 1) 2, Red/NIR Jiang et al. (2008)
SAVI Soil adjusted vegetation index (I1+L)(NIR-R)/(NIR+R+L)" 2,Red/NIR Huete (1988)
OSAVI Optimized soil adjusted vegeta- (1 +Y)(NIR-R)/(NIR+R+Y)" 2, Red/NIR Rondeaux et al. (1996)

tion index
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Table 1. List of candidate vegetation indices for this study. (continued)
Abbreviation” Name Formula” Type* Reference
ARI Anthocyanin reflectance index (1/G) — (1/RE) 3, Green/RE  Gitelson et al. (2001)
mARI Modified anthocyanin reflec- (G(-1) = RE(-1)) x NIR 3, VIS/NIR Gitelson et al. (2006)
tance index
CVI Chlorophyll vegetation index (NIR/G) x (R/G) 3, VIS/NIR Vincini et al. (2008)
CCCI Canopy chlorophyll content index ((NIR — RE)/(NIR + RE))/(NIR —R)/ 3, Red/NIR El-Shikha et al. (2008)
(NIR + R))
Clgreen Chlorophyll index green (NIR/G) (-1) 3, Green/NIR  Gitelson et al. (2003)
Clrededge Chlorophyll index red-edge (NIR/RE) (-1) 3, RE/NIR Gitelson et al. (2003)
GCC Green chromatic coordinate G/(R+G+B) 3, VIS Cheng et al. (2020)
LCI Leaf chlorophyll index (NIR — RE)/(NIR + R) 3, VIS/NIR Datt (1999)
MCARI Modified chlorophyll absorption ((RE —R) - 0.2(RE — G)) x (RE/R) 3, VIS/RE Daughtry et al. (2000)
in reflectance index
MCARII Modified chlorophyll absorption 1.2 x (2.5(NIR —R) — I.3(NIR — G)) 3, VIS/RE Haboudane et al. (2004)
in reflectance index 1
TCARI Transformed chlorophyll ab- 3((RE —R)-0.2(RE - G) x (RE/R)) 3, VIS/RE Haboudane et al.
sorption in reflectance index (2002)
SR Simple ratio (NIR/R) 4, Red/NIR Tucker (1979)
mSR Modified simple ratio (NIR/R — 1 )/sqrt(NIR/R + 1) 4, VIS/NIR Chen (1996)
GLI Green leaf index (2G-R-B)/(2G+R+B) 4, VIS Louhaichi et al. (2001)
VARIgreen Visible atmospherically resistant (G-R)(G+R-B) 4, VIS Gitelson et al. (2002)

index green

“NDVI: normalized difference vegetation index; NDRE: normalized difference red edge index; GNDVI: green normalized dif-
ference vegetation index; BNDVI: blue normalized difference vegetation index; NDGR: normalized difference green-red index;
NDGB: normalized difference green-blue index; RBNDVI: red-blue normalized difference vegetation index; GBNDVI: green-blue
normalized difference vegetation index; EVI: enhanced vegetation index; EVI2: two-band enhanced vegetation index; SAVI: soil
adjusted vegetation index; OSAVI: optimized soil adjusted vegetation index; ARI: anthocyanin reflectance index; mARI: modified
anthocyanin reflectance index; CVI: chlorophyll vegetation index; CCCI: canopy chlorophyll content index; Clgreen: chlorophyll
index green; Clrededge: chlorophyll index red edge; GCC: green chromatic coordinate; LCI: leaf chlorophyll index; MCARI: mod-
ified chlorophyll absorption ratio index; MCARI1: modified chlorophyll absorption ratio index 1; TCARI: transformed chlorophyll
absorption ratio index; SR: simple ratio; mSR: modified simple ratio; GLI: green leaf index; VARIgreen: visible atmospherically

resistant index green.

* The spectral bands referenced in the formula column are blue (B), green (G), red (R), red-edge (RE), and near-infrared (NIR).
* VIS is an abbreviation for visible spectroscopy. The numbers in the type column represent classification types in this study: 1.
NDVI series, 2. environmental reflectance adjustment, 3. pigment content, and 4. unclassified.

“The correction factor used in the formula is Y = 0.16.
" The correction factor used in the formula is L= 0.75.
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Fig. 1. Temporal changes in normalized difference vegetation index (NDVI) for the rice cultivar ‘Tainan 11’
throughout the entire growth period. The x-axis represents days after transplanting, and the y-axis indicates NDVI
values. Two types of data are presented: observed NDVI values (dots) and trend lines derived from simple moving
average (SMA) smoothing (lines). The results show that NDVI increased gradually from the seedling stage to the

panicle initiation stage, remained stable through the booting stage, and slightly declined during the late booting stage.
This pattern indicates the spectral reflectance characteristics associated with different growth stages of rice.
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Fig. 2. Growth response of ‘Tainan 11 rice under different brown planthopper (BPH) infestation densities. The
figure illustrates temporal trends in normalized difference vegetation index (NDVI) differences between treatment

and control groups under varying BPH densities. The lower x-axis indicates days after transplanting, while the upper
x-axis represents days after BPH release. The y-axis shows the NDVI deviation relative to the control. Experimental

treatments include a control group (CK) and five infestation densities: A (60 insects hill"), B (125 insects hill™), C (250
insects hill™"), D (500 insects hill™), and E (1,000 insects hill™).
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Fig. 3. Heatmaps of normalized difference vegetation index (NDVI) deviation under different brown planthopper
(BPH) infestation densities relative to the control and rice near border (BL) groups. (A) shows the ANDVI of each
treatment group relative to the control (CK), and (B) shows the ANDVI relative to the rice near border group (BL).
The x-axis represents treatment groups; the left y-axis indicates days after transplanting, and the right y-axis indicates
days after BPH release. The gray dashed line marks the infestation day. The color scale represents the degree of de-
viation from the natural variation threshold (+ 0.0135), with a symmetric diverging palette. These heatmaps visualize
the temporal dynamics and severity of rice growth suppression under different infestation densities, providing a refer-
ence for damage assessment and early-warning decisions based on the natural variation threshold.
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Table 2. Summary statistics of normalized difference vegetation index (NDVI) differences between control and
treatment groups.

Group” Boot” Min ¢* Max P" Mean d” Fisher P" Significance'

A 27.4% 0.90 0.3760 0.40 7.85x 10"

B 32.1% 0.35 0.7280 0.91 3.40 x 1077

C 54.5% 2.93 0.0063 0.68 3.02x 10"

D 63.4% 0.05 0.9580 0.76 225 x 107"

E 81.5% 4.49 0.0001 0.98 6.07 x 107

“ Each treatment group (e.g., A-I and A-II) was evaluated through four pairwise comparisons against the control groups (CK-I and
CK-1D).

¥ Proportion of bootstrap replicates from 1,000 resampling comparisons between each treatment group (A—E) and the control (CK) at
matched time points (50-80 d after transplanting; DAT). A higher proportion indicates more consistent NDVI deviation induced by
treatment effects.

* The smallest absolute z-value among the four CK—treatment pairwise comparisons, representing the weakest statistical support
among the four tests.

“The largest P-value among the four CK—treatment pairwise comparisons. A higher value may indicate inconsistent treatment effects
across replicates.

" The mean Cohen’s d across the four CK-treatment pairwise comparisons was used to estimate the average effect size. According to
Cohen’s guidelines, values above 0.8 represent large effects, while values around 0.5 indicate moderate differences.

" To evaluate the overall treatment effect across the four CK—treatment pairwise comparisons, Fisher’s combined probability test was

applied. This method yields a single P-value reflecting the joint significance of all comparisons.
! Significance codes: P < 0.05; “P<0.01; P <0.001, based on Fisher’s combined P-value across the four pairwise tests.
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Fig. 4. Temporal trends of normalized difference vegetation index (NDVI) for the control group and rice near border
throughout the growth period of ‘Tainan 11°. The x-axis represents days after transplanting, and the y-axis indicates
NDVI values. The blue line shows the mean NDVI of the control group (CK), and the shaded gray area represents the
natural variation threshold (+ 0.0135); the orange line represents the NDVI of rice near border. Dashed lines indicate
the time range (50-80 d after transplanting; DAT) used to calculate the natural variation threshold. An inset panel
highlights the detailed NDVI differences between the two groups during this period.

fEZ2EIRN - WAKRBEKEETESE Sy  WREZIBZEIE  ZERDREATTER B
o hEET AN RMHEEZEMASRHEE SRS ER ERBEAT > AR
B ERERNCHEETHSE  MBEER  f/MEARGHATERZ fEmIRE - RBIRIATT
ERBENAEZES - St EERERER AZEBEMEN > AR UAHETK
FrAHMAEREER (R2) > WZIRNAY  BHEFHREEREEN T (83 HiE4) -
FEREEERE2EERE (n=2) Hit  OWERET > EAERENN G HER
stiesm DHERR - A2 ZECE (faE ] (50-80 d after transplanting; DAT) N - i&
SR BHBERESEERTTRN 2% R THZ NDVIBUERECE R $ R4 NDVI#Y 1
BLAME RS R ADT e & im Z K05 - Rfiomdiat  EERAREEE (= 1s) @EWN > P55 HAE A
fEsm 1  ASUHE— U IR bootstrap AR S, EREARAELT - #HEBITH (BL) HHR
fly > eSS R HHME NDVI 3 Z iR e @B 4 (CK) RBUERE EEA —EREE U
JRHGRE AR - EMELIH IR NDVIENE  BUREFRERLBEENET - & LAl -
IR (HIREAIEAEZE 5 = 0.0135) Rl - A& AHIZEATIR I 2 B NDVI H 288 Ry H 5
BB U R IR B AE P RELE RV E R % PR @& OB (> 250 insect hill!) fRHE
M - GEREUN > SN ERME TEHE  ROETRRE T A HAHETE
—HRHAEBRZER MBS (k2) BURE  (FAHHMESREENTREN  FAREEHER
BLE e LR E B —8 - ST (FRATTTAVERRE - 240 > HATEREIA



326 BEEEENTTE B 74 3

*3. "B 15t 2AEEREEE R RS AR RE B -

Table 3. The coefficient of determination (R”) of the quadratic polynomial regression model for vegetation indices
across the full growth period of ‘Tainan 11°.

Coefficient of determination (R”)

Abbreviation” Replicate 1 Replicate 2
NDVI 0.93 0.94
NDRE 0.93 0.92
GNDVI 0.62 0.59
BNDVI 0.75 0.71
NDGR 0.49 0.41
NDGB 0.48 0.48
RBNDVI 0.88 0.88
GBNDVI 0.69 0.67
EVI 0.41 0.37
EVI2 0.42 0.39
SAVI 0.39 0.42
OSAVI 0.47 0.51
ARI 0.21 0.25
mARI 0.68 0.67
CVI 0.53 0.41
CCCI 0.91 0.93
Clgreen 0.76 0.77
Clrededge 0.81 0.78
GCC 0.63 0.55
LCI 0.95 0.94
MCARI 0.41 0.37
MACRII 0.41 0.36
TCARI 0.59 0.73
SR 0.83 0.81
mSR 0.93 0.91
GLI 0.66 0.59
VARIgreen 0.14 0.16

z

NDVI: normalized difference vegetation index; NDRE: normalized difference red edge index; GNDVI: green normalized dif-
ference vegetation index; BNDVI: blue normalized difference vegetation index; NDGR: normalized difference green-red index;
NDGB: normalized difference green-blue index; RBNDVI: red-blue normalized difference vegetation index; GBNDVI: green-blue
normalized difference vegetation index; EVI: enhanced vegetation index; EVI2: two-band enhanced vegetation index; SAVI: soil
adjusted vegetation index; OSAVI: optimized soil adjusted vegetation index; ARI: anthocyanin reflectance index; mARI: modified
anthocyanin reflectance index; CVI: chlorophyll vegetation index; CCCIL: canopy chlorophyll content index; Clgreen: chlorophyll
index green; Clrededge: chlorophyll index red edge; GCC: green chromatic coordinate; LCI: leaf chlorophyll index; MCARI: mod-
ified chlorophyll absorption ratio index; MCARI1: modified chlorophyll absorption ratio index 1; TCARI: transformed chlorophyll
absorption ratio index; SR: simple ratio; mSR: modified simple ratio; GLI: green leaf index; VARIgreen: visible atmospherically
resistant index green.
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Preliminary Study on Multispectral Imaging
Techniques for Early Pest Detection in Rice Production

Huai-Wen Tsao', Yu-Shun Huang', Shou-Horng Huang’, Po-Yu Lai’, and Ming-Hsin Lai**

Abstract

Tsao, H. W., Y. S. Huang, S. H. Huang, P. Y. Lai, and M. H. Lai. 2025. Preliminary study
on multispectral imaging techniques for early pest detection in rice production. J. Taiwan
Agric. Res. 74(3):317-329.

This study focuses on the brown planthopper (Nilaparvata lugens (Stal)), a major pest in rice
cultivation, and proposes an early-stage pest detection approach that integrates artificial infestation
experiments with unmanned aerial vehicle-based multispectral imaging. Treatments with varying in-
sect population densities were simulated, and rice spectral responses were monitored using multispec-
tral imagery collected during the experiment. In this study, the term “early stage” refers to the period
between the panicle initiation and heading stages, and corresponds to the typical outbreak period of
brown planthopper (BPH) infestations in the second cropping season. Results showed that when the
normalized difference vegetation index (NDVI) deviated from the control group by more than the nat-
ural variation range (+ 1s), such deviation could serve as an early-warning signal with the potential to
indicate the onset of BPH infestation. The feasibility of using rice plants near field borders as a substi-
tute reference for formal control plots was also evaluated to improve the feasibility for field operation.
The proposed approach provides a quantifiable basis for pest monitoring and serves as a potential
alternative to traditional manual scouting in the context of smart agriculture.

Key words: Brown planthopper, Insect pest monitoring, Multispectral, Smart agriculture.
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