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Fig. 1 Schematic diagram of sampling points
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Table 1 Hazard time division of Tomicus spp.

f& FE i} #Hazard periods HFE iR Feature description
{gk B #iHealth BRI BT R, RZ BRSNS, B A L
fe i -] Early damage FA/INEEFFAAE CORAY, BRI L, (AR Rl ) B 4t 6 B
f& % 1 #iMid-hazard Fa/NEEATIAS BBAERE N, BIKE 58 SO BORS R £, RO A B o (B s R

fto # K Terminal stage

FA /NG T2 RN A AR £, A1 I3 R A2 384, B 5T B R B LRy 6, foJa LK H
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(Ci) MZEBHR (Trmmol ) 5250 (&3 AR X i BUR BRI TG . R . DGR S
= M AR BRI A AE , BOR I AR S e S broE S WAL B, B DN L4k ) 97 % R H
B o EERGCIRFMT, PEBH A A E T Savitzky-Golay % I 1 X 1 G i S 8 R g e 17
Mg, A R E S NE 5 0, BUFY S, LATH BR R G B8 b ny e R T AR, FE
{H . FI 1] Photo Al Trmmol 115 7K 73 I FH AL %" OriginPro8.0 Hraxilf1 Stk .

( WUE=Photo/Trmmol ) ; F|H Cifll 25 5 ) K H Pearson #5534 5% 25 [B1 5 43 B i 38
CO, #E (Ca) THEAFLIRGIE" (Ls=1-Ci/Ca) . FRIEAS &, LAV, AWFSE 56T R AR5 A1,
1.3 #HEHH G55 R EIE R R R E ST 8 M TRk

13.1 HhEHELE  FH SRAnal710 {4, 23 NMEGIERFIES RS (£ 2) .

R2 FHIEER

Table 2 Characteristic variable scale

A% &2 Variable categories A5 & 58 X A1/A 3 Variable definitions and formulas

NDVI1 = (Rs50~670) = R(760~850))/ (R(650~670) + R(760~850))
NDVI2 = (Rg33 — Re77)/(Rs38 + Re77)
NDV1Is = (R750 — R705)/ (R750 + R705)
SR1 = Ri50~670/R(760~850)
SR2 = Rg33/Re77
WBI = Rooo/Ro70, /K BLHE L
PRI = (Rs31 = Rs70)/(Rs31 + Rs70), YL REL
HI = (R739 — R399)/(R739 + R399) — 0.5Ra04, TH B HEFREL
R (BRI, i 520~560 nm?ts BBl P 25 K FAOB B SH 3
R4, Witk 640~680 nmits Bl P f5c /I RO BE S R

T F6 £ Vegetation indexes

. . _ Ke70
R BAFE S5 b=1- Roso —Rseo

i Rse0 + ————— x(670-560

Reflectance location parameters 560 T = e0-560 ( )
Ke70 — K500

R ————— X (560-500

_,Rso+ 70500 X )

H=1-

Rse0

Dy, #5123(470~520 nm) P — B 73 61 o 1 35 K (E
D,, B{8(560~590 nm) N —Fir il 736 1 Bk
D,, £L31(660~740 nm) N — Bk 73 i v ) e K E
D,y ILLLAN(T760~1036 nm) A — i 23 8% v 1 e KA
A ZL32(660~740 nm) A —Bi 3t 1 v B4 B R AL 0T 2 )98 B
SDy, WA — I E IR S A

—Brisr L BARAES B

First derivative location parameters

e s TS SD,, A B A
First derivative area parameters SD,, 4115 N —M oA S AN
SD iy LA N — B LR S
Ry/R,
D/IH
SD,/SD,,
SD,/SD,
AR (2 8 SR
Vegetation indexes parameters SD,;,/SD,
(Rg-R)/(RgRr)
(D-H)/(D+H)

(SD,-SD,)/(SD,+SDy)
(SD,SD,)/(SD+SD,)
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Fig. 2 Spectral reflectance curve of Pinus yunnanensis in
different damage periods
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of Pinus yunnanensis in different damage periods
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Table 3 The screening results of vegetation index and hyperspectral characteristic parameter

*FF{iEA% i Characteristic 482543 #r Correlation B [E A7) Hr Stepwise 'L A% 7 Characteristic AH ¢4 4T Correlation 1B [E1 A 53 Hr Stepwise
variables analysis regression analysis(a) variables analysis regression analysis(b)
NDVI2 0.918" <0.001" D 0.923" <0.001"
PRI 0.740™ 0.003™ D, 0.9117 <0.001"
D, 0.911™ 0.019" NDVlI;os 0.773" <0.001""
D 0.923" 0.031" (SD,-SDy)/(SD,+SDy) 0.267 <0.001""
SD,, 0.381° 0.001™"
SD, -0.887" 0.005™

VE: *: P<0.05, IEASE; **: P<0.01, B EM, T,

Note: P < 0.05, significant correlation; * *: P < 0.01, extremely significant correlation, the same below.

R4 BEMEENKE (=84) R (1=36)
Table 4 Monitoring models(n = 84) and validation(n = 36) of damage time
ARG R TokS BE

K Y S . = ; -
A e R Monitor VP Fitted precision Predicted precision
Variable categories del Regression equations
models R RMSE R RMSE
NDVI2  y=0.355+4.460x; —6.974x;% +7.410x,3 0.872 0.415 0.854 0.424
ESLE PRI y=3.637+13.108xs — 31.072x,2 — 208.144x,> 0.623 0.711 0.636 0.791
Vegetation index
NDVI2. PRI y = 0.622 +3.662x; +3.780x, 0.878 0.391 0.889 0.357
D y=1.139+0.811x3 —3.174x3% + 6.235x3> 0.900 0.367 0.895 0.498
A e D, = 0.755 +83.599x4 +27 496.449x,% — 1 321 854.674x,> 0.839 0.465 0.796 0.517
PR AR 5% Y H "4 X4
Hyperspectral SDy  y=-0.802+935.581x5 — 67 441.244x5% + 1450 214.907x52  0.441 0.867 0.106 1.010
characteristic
parameters SD,  y=2.019-235.870x5 +6 602.191x6% + 1 404 056.992x¢> 0.828 0.481 0.804 0.508
D DS’bSDb‘ y=1.343+1.121x3 + 97.985x4 — 47.574x5 — 80.177x6 0.916 0.314 0.918 0.331
y
DD,
" y=0.540+1.107x3 + 108.960x4 + 2.545x7 0.937 0.276 0.925 0.258
NDVls
%4 Comprehensive 2 ‘V? "
705> — —
(SD—SDS Y= 0.886 + 1.332:x3 + 86.860x4 + 3.636x7 — 0.794xg 0.969 0.189 0.946 0.212
D,+SDy)

i RSN ELHISE F TN, X Xo0 x50 X0 X353 X0 X0 X5 7P ARG NDVI2, PRI D\ D, SDyy SD,,» NDVIg5+ (SD,—SDy)/(SD,+SDy)
Note: y represents the predicted value of damage period, x;, x5, x3, x4, X5, X X7 and xg represent NDVI2, PRI, D, Dr, SDy, SD,, NDVlI;s, (SDr —SDy) / (SD,. +
SD,), respectively.
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Table 5 The effects of gas exchange parameters in different periods of Pinus yunnanensis damaged by Tomicus spp.

FEH A FrPrincipal photosynthetic

23 A A SR /N B G EE B AN [ I #ADifferent periods of harm

indexs

{gk ERE 1 i Health

f& 5% R Early damage &5 tf #IMid-hazard

145643 % Photo/(umol-m s ™)
SFLFECond/(mol'm s ™)
JHi 6] COL ¥ ¥ Ci/(umol-mol )

4.621 +0.105a
0.047 +£0.001a

129.098 + 19.591a
FE 7 3 Trmmol/(mmol-m s ™)
7K 43 F F 24 WUE/(umol-mmol ')
ALIRHIfELs

1.938 £ 0.014a

2.385+0.053a

0.578 £0.011a

2.089 + 0.087b 0.643 + 0.048¢c

0.023 +0.002b 0.016 +0.001¢c

174.854 + 48.175b 235.635 +£26.579¢

1.053+0.111b 0.889 + 0.034b
2.631+0.201a 0.755 + 0.058b
0.425 + 0.026b 0.277 £0.013¢

= R PR A e BT AR HE R, [FAT AN R 7 B R R AN R AL B ] Duncan’s % 5 LB 57t 12 2 (P<0.05, 1 =90).

Note: the data in the table is the mean + standard error of the measured data. Different letters in the same line indicate that there are significant differences

in Duncan's multiple comparisons between different treatments (P < 0.05, n = 90).

xo6 HHEExSE

SHNEX ST

Table 6 The correlation analysis of main photosynthetic parameters of needles

& 2 i #{Hazard periods [X-fFactors 165 3# % Photo SfLFECond HEEICO, K FECi 7% ¥ 3% ZE Trmmol
A 2 Photo 1 0.708"™ -0.989™ 0.383
fL T Cond -0.410" 1 0.623" 0.371
fi st HiHealth . . . i »
HulElCO, iR FECi -0.732 0.315 1 0.486
FE 57 2 Trmmol 0.218 0.967" 0.497" 1
1§64 7 % Photo 1 0.309 —-0.476" -0.320
SFLEECond -0.520"" 1 -0.278 0.999"
5% L ] Early damage ) }
HiIAICO, KR B Ci —0.730" 0.528™ 1 0.291
7% [ 2 Trmmol —-0.543™ 0.999™ 0.551" 1
& d % Photo 1 -0.360 -0.508" 0.702"
S FLFECond 0.205 1 -0.519™ 0.663"
1 # F #AMid-hazard X
JElB]CO,ik FZCi 0.069 0.124 1 0.691"
715748 Z Trmmol 0.579™ 0.512" 0.401 1

T FXAETE T TR A S R AL A BT A R R AL
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K Cryge=—0.410") , f& % FF ) 5L 4 W 3% 67 AH ¢
(VEEW—O.SZO**) s MEFPHHEEADE (e
0.205) ; %fi Photo 55 Trmmol 7£ 3 AN f& F it
2R — SO M . BEBH 2 s AR A2 B/
w0 E ST oL G R AR 2 B LR 1
IEr

X /INad G B B AL i =G A S B TR
BRI AT . AR SC BT R E AT (R T7)

Trmmol 2 % & 3 1E A & ( rppow=0.943", reond=
—0.797", Frmmo=0.688") , 5 Ci S & b
X (re=0.764") o A MR fEFm
£j Photo 4% B FIEAH X (/=0.588"") , HHAhE
B SBAHRME AIR BN VAR, BAASE TR
18 3 B 50166 S 8000 A S 1 1k B B K
(r=0.909") .
223 WAEEAegE T SAFERGE Al faE
B #95 Photo. Cond. Ci J Trmmol H 79 i 455 %Y |
A FOTRIAS BE Y R? . RMSE YeP8ks B ft s 0 0]
R (£ 8) . EERMAYS Photo. Cond X Trmmol
M) =R BREBE Y, DL 5 Ci 2tk R iRy, I
W1 E W] 5 Photo Y = Y bR KRS HRY (0 K B d5e i
(#45: R=0.931, RMSE=0.204; Fijll: R’=0.961,
RMSE=0.240) .

FARIEEERMS Photo. Cond. Ci M Trmmol
MRS gs AL, sy Zond M mIARIA (4]

BT A C AT R W] . /A F B S Photo. Cond. & : R=0.918, RMSE=0.236; il : R’=0.930,
x7 BPMEEERBPISIHEERESEBBEXES T
Table 7 The correlation between damage time of Tomicus spp.andmain photosynthetic parameters
[X|-fFactors & 55 I} #iHazard periods 1§64 iE Z Photo S4L5FECond HEIEICO, K FECi 78[5 % Z Trmmol

& i Wi Hazard periods 0.909™ 0.943" 0.797" —-0.764™ 0.688"
4 H % Photo 0.588™ 0.926™ 0.758™ -0.821" 0.635™
AL BECond 0.187 0.293" 0.979” —-0.433" 0.972™
HIRICO, ¥ BECi —0.155 —0.484™ —0.016 0.772" —0.287"
78/ 14 % Trmmol -0.076 —-0.217" 0.960" 0.169 0.971"

T B BRI R R HA TN AR R MG TR R

Note: on the main diagonal is the complex correlation coefficient, the lower left is the simple correlation coefficient, and the upper right is the partial

correlation coefficient.

*8 FEMEEIKE (=63) R (1=27)
Table 8 Monitoring models(n = 63) and validation(n = 27) of damage time

DAY LA FE Fitted precision THAS FE Predicted precision
Monitoring [5]J=1 77 F% Regression equations
models R RMSE R RMSE
fi%ﬁﬂﬁ—'ﬁ y = 1.637+0.738x1 —0.030x; - 0.004x,> BT a0 e D
Photo ’ . ’ .
f@%cﬁﬁﬁ =] y=3.735-186.107x; +8 349.646x,% — 91 980.434x,3 0.646 0.459 0.608 0411
on
ek 5ci ¥ =5-116-0.011x; 0.609 0.488 0.632 0.560
JEHRIME ) = 10.319-20.166x4 +15.464x42 — 3.476x43 e e e .
Trmmol . - . )
faEN S
Photo. Cond. Ci. ¥ =2.358 —=0.259x1 — 17.174x3 +0.003x3 +0.092.x4 0.918 0.236 0.930 0.272
Trmmol
f@%ﬁﬂ'ﬁﬁﬁ y:2.27+0.309x1 ar 11.608x2—0.002x3 0.916 0.225 0911 0.261
Photo. Cond. Ci : . . .

T pARIFAN /N ) G 5 I HATIUAEL x /v x5+ x50 x93 48 Photo. Cond. Ci. Trmmol.
Note: y represents the predicted value of damage period of pine bark beetle, and x, X, X3 and X, represent photo, Cond, Ci and Trmmol respectively.
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RMSE=0.272) , REHEAF W RLHLTI I AL /NG 1 s
N, 4, @B X Photo. Cond. Ci. Trmmol 7F
AR AT T EES, BTSSR
UM 0.707. 0.247. 0.047, T Trmmol 7E45 %Y ()
ATLLZ2 0, [RIL#EES7 BT Photo, Cond., CiZJT
LRAE AR (3145 . R=0.916, RMSE=0.225; T
. R’=0.911, RMSE=0.261) .

Jyn SDy. SD,;,/SDy, WIE VAR N 0.370, 0.419,
0211, HI. SD,;/SD, 85 Ci KREIMBEMHK, H
AR RO A —E Tk, B AT
t, SRR T RLAROR

R9 HPHITEMELER
Table 9 The screening results of characteristic parameter

_ . N . N &S FHEAE & HASRAMHT e S ACIVERY T
. pagEIR VN THETEEZ= B Zz T Photosynthetic Characteristic Correlation Stepwise regression
23 METIEIEIEH S ES EES
. parameters variables analysis analysis
Hernandez!" 7E &1 AR _LWF5E & B PRI 5% " "
e N A \ ‘ NDVlys 0.899 <0.001
LB NDVIS SR ¥IREY Photo #:3.— AL 2 0.832" <0.001"
FEMISNE, S5AARITE, KRR B — pp— o
v P . N 4 N2 )
TIE%%;&Q Photo. Cond. Ci M Trmmol #4740 AL Cond SD, 0.643"" 0.002""
A3 BT B A LE 3 8, 0 08 Wk 2 B b 3 AR i SD/SD, 0.731" 0.019°
($9) , SrE S A BEIE BE EIEE S R4, NDVE 0815 001"
B, TR BERGIE, AR LA AN TR HI -0.241 0.008"
) R’. RMSE EFHEEFm il e (£ 10) . JLIHICO, WK FECi . -0.767" 0.005"
FH IS4 NDVILs 78 1 1) Photo U5 77 FEKG 5D, UR7ES VLS
i, A AT R ¥R T 0.8, X CitE# 55K SDyir/SDy 0.232 0.024
PG ITRER) NDVIo5. HI RS GEFHIESEEUA T7 SRI 0.715" <0.001"
T 2o\ SDy. SD,,/SD, HATHEMEINT, £k AWEETmm 5D, 0:623 ooH
. SD,/SD, 0.660™ 0.026"
Wl : NDVI;os il HI 8 Z0E 535100 0.825., 0.125; ’
R10 XESHEEFRRE (0=63) REIE (n1=27)
Table 10 Estimation equation(n = 63) and validation(n = 27) of photosynthetic parameters
W S K 7 ) } AR TIRS
Dﬁiﬁ%ﬁz A HI7 Fitted precision Predicted precision
del Variable Regression equations
models R’ RMSE R’ RMSE
— 2 3
Photo 2 y=-101.808+0.149xs 0.692 0.704 0.674 0.720
SR2 y =0.023 - 0.005x3 +0.001x32 = 3.103E - x33 0.632 0.018 0.629 0018
sD y=0.010+0.339x¢
LS b 0.414 0.012 0.381 0.012
Cond SD,/SD,, y=0.012+0.003x7 0.535 0.011 0.552 0.010
SD, SD,/SD, y = 0.005+0.202x6 +0.002x7 0.648 0.009 0.560 0.009
NDVIyps y=211.338-450.203x; —3 444.328x,2 +4 506.702x,> (733 23.636 0.695 25.658
HaIFICO, K e NDVIs« HI y = 180.597 - 302.673x; + 101.860x4 0.766 22.148 0.672 27.904
Ci 2, y=2794.375-3.737xs 0.588 29.347 0.500 31.132
A~ SDy SD,,;,/SD,, y=1731.709 - 2.309x5 + 4 379.721x3 + 6.697 x9 0.745 23.112 0.693 29.808
SRI y=0.784-0.061x +0.026x,% — 0.001x,> 0.544 0476 0.604 0.467
o SD, y =0.547+13.504x¢ 0.391 0.503 0.385 0.495
Trmmol SDJSD, y=0.710+0.106x7 0.435 0.485 0.436 0.450
SD,~ SD,/SD, y=0.373+8.712x6 +0.075x7 0.561 0.427 0.564 0.415

¥E: yfR3&Photo. Cond. Cis Trmmol fI TR X X7 X33 X g0 X 53 Xgn X7 X X970 BIARGRND VI 50 SRI~ SR2+ HI A SDn SD,/SDjy» SDy~ SD,,/SDyy0
Note: y represents the predicted values of Photo, Cond, Ci and Trmmol, and x, x,, X3, X4, X5, X, X7, Xg and xq represent NDVI 505« SR1 ~ SR2 « HI+ A~ SD,

SD,./SDy,  SDy, + SD,,./ SD,, respectively.
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Trmmol 5 SRI 1 SD,/SD, ¥ 5 ¥ & 2 1E 40 %,
Ci 5 NDVIs 1 A, W 3 A C 5 DL NDVIos
HZE Photo —IRRETFE . DL SR2 A SHH
Cond = KRB )7 . LA NDVIs 1 HI 3 2501
Ci Zu&tmIH I ) UL SD, . SD,/SD;, HZH)
Trmmol 22 JCZ M B H 5 FEkE B e e o

4 i

WFFEH /N AN [R) & 3 B R i i S5 06 A
ik, FETCIERAE BOCA S80S Iy e e i
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680 nm F1 740~1 036 nm X IR {L B B 5 £ F ) E]
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Correlation Analysis of Different Hazard Periods of Tomicus spp.
Based on Hyperspectral Features and Photosynthetic Parameters

LIU Meng-ying"?*, SHI Lei', MA Yun-qiang'?, ZHANG Zhong-he', LIU Xue-lian', YAO Jun', DU Ting'

(1. Research Institute of Resource Insects, Chinese Academy of Forestry; Kunming 650224, Yunnan, China; 2. Nanjing Forestry University,
Nanjing 210037, Jiangsu, China; 3. Southwest Forestry University, Kunming 650224, Yunnan, China)

Abstract: [Objective] To establish monitoring models and photosynthetic parameter simulation equations by meas-
uring the hyperspectral data and photosynthetic data of Pinus yunnanensis, so as to effectively and quickly predict the
damage period of Tomicus spp. and diagnose the health status of P. yunnanensis, and provide a reference for large-
area application of hyperspectral remote sensing technology to achieve forest pest monitoring. [Method] The dam-
age caused by Tomicus spp. was investigated and the hyperspectral and photosynthetic data were obtained. The para-
meters which were significantly correlated with the damage period of Tomicus spp. were selected to establish monit-
oring models. The correlation between photosynthetic parameters and hyperspectral characteristic parameters was
analyzed and the correlation equations of photosynthetic parameters were established. [Result] As the hazard period
prolonged, the spectral reflectance gradually decreases in the range of 740-1036 nm. "Red edge" and "blue shift" ap-
peared in the first-order differential curve of the spectrum at 660-740 nm, and the peak value gradually decreased.
The multivariate linear regression model which was established based on spectral characteristics showed the best fit-
ting effect. The damage period of Tomicus spp. was closely correlated with Photo, and its cubic function model fitted
well. The correlation between spectral index and photosynthetic parameters was established to obtain the optimal fit-
ting equation of photosynthetic parameters. [Conclusion] The models based on spectral index and photosynthetic
parameters of P. yunnanensis can effectively monitor the hazard period of Tomicus spp. There is a significant correla-
tion between the spectral index and photosynthetic parameters of P. yunnanensis, and a correlation model can be es-
tablished to estimate the growth and health status of P. yunnanensis.

Keywords: hyperspectral; spectral characteristic parameter; Tomicus spp.; photosynthesis; correlation
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