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Abstract [Objectives] To investigate the correlation between the wing shape and flight capacity of Sphingid moths, the
larvae of which are important agricultural or forestry pests. [Methods] The flight capacity of 8 Sphingid species;
Psilogramma increta, Parum colligata, Kentrochrysalis sieversi, Ambulyx ochracea, Callambulyx tatarinovi, Acosmeryx naga,
Ampelophaga rubiginosa and Theretra japonica, were investigated in a 26-channel flight-mill system over 10 hours in a
complete darkness at a temperature of 25 °C and relative humidity of 70%. Three flight parameters; total flight distance
(TFDi), total flight duration (TFDu), average flight speed (AFS) and 6 wing form parameters; forewing length (FL), forewing
width (FW), forewing area (FA), hindwing length (HL), hindwing width (HW) and hindwing area (HA), were measured and
compared. [Results] P colligata was the strongest flier with a TFDi of 4 450.88 m and a TFDu of 3 629.55 s; the highest
values of these parameters among the 8 species. 4. rubiginosa had the weakest flight capacity with TFDi and TFDu values of
1 116.48 m and 1 156.85 s, respectively. The fastest flier was 4. naga with an AFS of 1.35 m/s whereas P. increta was the
slowest was with an AFS of 0.63 m/s. P. increta had the highest valuesin all 6 wing form parameters whereas T. japonica had
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the smallest values in 4 wing-form parameters (FW, FA, HW and HA). C. tatarinovi and A. ochracea had the smallest FL and

HL values, respectively. Using stepwise regression, the multivariate equation for total flight distance with 4 wing form
parameterswas y = - 12 610.8 - 724.50x; + 2 619.51x, + 1 090.7x, - 96.23x¢ (R?=0.998 0, F=383.765, P=0.000 2, wherex; .
X2+ X4, @nd xg, are FL, FW, HL and HA, respectively). [Conclusion] Thetotal flight distance of hawk moths can be predicted

from some of their wing form parameters.

Key words hawk moth; flight; total flight distance; average flight velocity; forewing; hindwing
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R L U R 25 R AT A R sl fi 2 R
PR TR I 2 B AT o, Horp s 2ok o7
14 R e ol SRR FH 8 3o TR R A HE ) R
(] i 7R FH A ey P Sl e 1 23 SR 3 AR IO <3 7
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Fig. 1 Photos of eight tethered species of hawk moths

A. TH KMk Psilogramma increta; B. ¥ A K& Parum colligata;, C. AWK Kentrochrysalis sieversi,
D. EM KK Ambulyx ochracea; E. Hi&k KMk Callambulyx tatarinovi; F. &2 KMk Acosmeryx naga;
G. ##EKIK Ampelophaga rubiginosa; H. 8L KMk Theretra japonica.
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Tablel Comparison of flight parameters of 8 species of hawk moths

PN gL S FEA St ©ATHEE (m) BT RATHIE (s) - RATEEE (mis)
Species Samplesize Total flight distance (m)  Total flight duration (s) Mean of flight velocity (m/s)

TE%%Z . 10 1742.58+545.52 AB ab 2 704.38+801.45 AB abc 0.63+0.13B b
Psilogramma increta
REES . 19 4450.88+1509.80 Aa 3629.55+912.34 A a 0.99+0.12 AB ab
Parum colligata
LEES, . 60 1116.48+169.00 B b 1156.85+116.55B ¢ 0.93+0.07B b
Ampelophaga rubiginosa
ééiﬂi%c. . 32 1295.91+254.35 ABb  1478.95+282.35 AB bc 0.95+0.10 AB b
Theretra japonica
IR L . 15 3179.08£624.18 AB ab 3215.57+475.16 AB &b 1.02+0.14 AB &b
Kentrochrysalis sieversi
kAR 49 2832.11+611.18 AB ab  1824.47+340.90 AB bc 1.35£0.08A a
Acosmeryx naga
TR 18 1263.09+363.32 ABab 1157.13+329.25 B bc 1.04+0.16 AB ab
Ambulyx ochracea
o 25 4
iR 14 3494.26+1 548.91AB ab 2 370.46+726.49AB abc 1.16+0.13AB ab

Callambulyx tatarinovi

TR P E R, SRUE AR T HIORGIT 2L 2R BE, K FRFOR BEKFE N 001, NET

BERIR B E/KF 2 0.05 ( Tukey K55 ), R,

Data are mean + SE, and followed by different lettersindicate statistically significant differences existing between each comparative
participator, capita letters indicate 0.01 significant level, small |etters indicate 0.05 significant level by Tukey test. The same as below.
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R T 2900, BOE R B UL KR AR S A B
FARDISN, BSR4 FRIRER B SRR ASOUE LN, PO 35
WO BT R B, ISR ER . A ‘
26 8 7 ! A !
W2 LK, A 5 R M R R HXBANSHAAIS ARG AEX

W AELURIK LA NS 3900, IR TEE e/, 8 F KM KA TS BONIE RS A S 73
5 7 Fh2s S Bk B K Prati R WL 3. AT A RS KON Fipd
8 i e i I BR AT AR 5 22 5 (df=T, Corn )\ A TE (2 )\ AR TR Coes ) S (xg )

F=31.71, P=0.000), T & Kik/m & m Ak, R TE (xs) FURATE R (x6)o BRIEAAY 6 15
SHE R HE AR ERALE, 3R BB AIEIRANE T 5N IRAT () 34K,
MER LG, BEMH RIR AR | SRR R RS m AR L B (xef (xatxe)) =@ mAY (AT
JEE R S A e ik 5 Fh Rk 2= Rk mAHEREA ) RN KE (xidx) =5
K (F 2), WARBIEATEBRIEFHm  BRATHEK; RRZRIL (xlxs) =REBK R/
ZRZERARE ., AR, R, 82 R, BrERE (xix) =8 /AHETE

Kk Mgk Ik 4 Fomss 290, 2 MR JEBRE (xixs) =fERK/JGH 5,

EES, WHE 19 3R E2ER; QAT I RSBk B AE T 1] (1) PSR A O
FARIE, RIS GAEBORIE AT D 25 X% (r=-0.76, P=0.028), 7r 0.01 Z/K¥F I,

£ 3 SHMREBM ITSHMBBSENHEXRELE
Table3 Correlation of flight capacity and wing form parameters of 8 hawk moths

D T Y FL FW FA HL HW HA RHAR RHLR MAR FSR HSR
D 1

T 082 1

Y 037 -016 1

FL -047 -021 -051 1

FW -012 006 -031 090" 1

FA  -035 -008 -048 097 09 1

HL  -028 -002 -046 085 091" 095 1

HW -003 008 -012 075 094" 085 084 1

HA  -018 -000 -031 081" 094" 093" 097" 093 1

RHAR 042 028 039 -052 -020 -029 -002 006 007 1

RHLR 044 036 024 -049 -020 -026 005 -003 007 095 1

MAR -0.67 -049 -049 036 -006 017 004 -035 -014 -078 -062 1

FSR -076 -059 -038 016 -029 -005 -016 -050 -0.33 -066 -057 092" 1

HSR -041 -022 -044 -003 -028 -005 009 -046 -011 -006 020 064 060 1

D #/n Rt ATHERY, T &R Rt WATHIE], V R P8 WATHEE , FLOMHTEKE, FW R SERE, HL /e K
JE, HW K5 5RE, FA MRETEmE A, HA NJE @A, RHAR NE @A E, RHLR NEBAMMKE, MAR N
R B2 R L FSR M RTMR BE , HSR A JE B B o % * R R TE 0.01 7K EAH & 3, * /R 7E 0.05 7K F-AH 56 2 #( Pearson
K5 )o

D, T, and V mean accumulated flight distance, accumulated flight time, and average flight speed, respectively; FL, FW, HL
and HW indicate the front wing length, the front wing width, the hind wing length, and the hind wing width, respectively; FA
and HA are the front wing area and the hind wing area, respectively. Relative hindwing area ratio [RHAR=HA/(FA+HA)];,
Relavite hindwing length ratio (RHLR=HL/FL); Modified aspect ratio (MAR=HW/FL); Forewing stricture ratio (FSR=
FL/FW) and Hindwing stricture ratio (HSR=HL/HW) were set basing on the basic morphological parameters. ** indicates

the correlation is significant differences at 0.01 level, * indicates the correlation is significant differences at the level of 0.05
by Pearson test.
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AT I S A R 5% R Bt A A ) Y PR SR AR DG
X% (r=-0.67, P=0.068).

FIFH RS (X) X R RITHEE (V)
jEVARVEYE N F

Y=15 859.52 - 5 158.93x (R*=0.579 0, P=
0.028 3),

27 SFREBESHEHS D

X8 i U 1) LA R SR S G
PRS0, R 47T, TR (p) A1 (ya)
1) 2 oTEk ARk T 84.82%, 5 1 EMA (1) E
EHATATE . AR A A, FEYE. 5
PR AT SR, FERAT . FRIE A
A R L RN e, Hoh BCGE fK I 34

D ZR R GE i i AR AR . 5 2 F2AL
o (y2) FESEMSRZRE L, AP A#
A AR RE B TS A S B R R
A BCHTRIE B S e o 55 3 ) (ys) EEE
HRSPRIE e, 2 Jmsdle i s

AR Y 2O O ) R AEAR S ik | R
FAGTIR S RRRAE 5, W 0 O 24,
P S, o BRI T

1=0.180x;+0.502x2+0.010x3+0.361x4+0.602x5+
0.019xg - 8.300x7 - 4.565xg - 0.052xg - 1.218x1 -
1.552xy; - 24.634;

¥2=0.076x; - 0.019x,+0.002x; - 0.010x, -
0.198x5 - 0.004xg - 39.043x; — 18.235x5+3.608x0+
5.020x10 + 3.340xy; - 3.938.

F4 SHREPEMBMERE. FHFERKTMKE
Table4 Correlation coefficient of matrix eigenvalue and contribution rate and cumulative contribution
rate of first 3wing form principle components from 8 sphingid moths

{35 Principle components y1 V2 V3
A (mm)  Forewing length x; (mm) 0.920 0.389 - 0.011
A% (mm)  Forewing width x, (mm) 0.993 - 0.037 - 0.069
Fr#E A (mm?)  Forewign areax; (mm?) 0.980 0.164 0.098
Ja#®K (mm) Hind wing length x, (mm) 0.935 - 0.025 0.351
JE# % (mm)  Hind wing width x5 (mm) 0.937 - 0.309 - 0.137
JETEA (mm?)  Hind wing areaxs (mm?) 0.959 - 0.183 0.205
JE M m A L # Relative hindwing arearatio x; (%) - 0.189 - 0.889 0.377
Ja AN B Relavite hindwing length xg (mm) - 0.195 - 0.779 0.594
i B 5% R b Modified aspect ratio xq (%) - 0.014 0.968 0.228
AR Forewing stricture ratio xq0 (%) - 0.223 0.919 0.192
JE B Hindwing stricture ratio x4 (%) - 0211 0.454 0.859
FFHEAR Eigenvalue (1) 5.635 3.695 1.521
Tigk# Contribution rate (%) 51.230 33.590 13.830
itk % Cumulative contribution rate (%) 51.230 84.820 98.640

JE TR b HE = AR (R AR+ T AR s S B B =R AR 5 A R 52 i L= /5 S B

BB =R /AT 98 5 Je Bk R =5 K e 5

FL, FW, HL, and HW indicates the front wing length, the front wing width, the hind wing length, and the hind wing width,
respectively; FA and HA are the front wing area and the hind wing area, respectively. Relative hindwing area ratio
(RHAR=HA/(FA+HA)); Relavite hindwing length ratio (RHLR=HL/FL); Modified aspect ratio (MAR=HW/FL); Forewing
stricture ratio (FSR=FL/FW) and Hindwing stricture ratio (HSR=HL/HW).
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IR R TR H AR X, xo.
X3\ X4\ X5\ Xg. X7. Xg. Xg. X10n X11 ZF ARSI
W BT . AT, K. FEY. 5
PR, JEME AL E | ERAT K MR 5%
JEL . AR . A, Hob, S mAL
WA SRR AR &S
SR FE 1 5E LI 2.6,

28 SR CITREANESFRS KA EIHS

6 ANEEABRISH KA TS 8T
B AT, Bt CATEE B AT LU S, 20— K
55 #E 2 y= - 12 610.8-724.50x; +2 619.51x, +
1 090.7x4 - 96.23x¢ ( R?=0.998 0, F=383.765, P=
0.0002), BEH R HAE x1. X200 x4, X 73 FR
NP . EEEK . EEmA,

RIF AT [ A1 RATEE R Ok A
A IRl

3 itig

5 AR LA, R, R T R,
PR BRI 2 A, () RAT, (T /AT
BE ST TR /D o PRIHOR DR R AR R AR P iy
KEW, AHEEXTEIF RS, AMi18Y)
T BN X I E A RITYAE S, Aidlo %
(2021a, 2021b) WH5E4EN S5 K AMEHHIL, K
R R R — T T A R SR L (KA E ).
TEFAA A, 5 — e A E AT A
A SIS TR AR /N R R, IS Bh
J12 FURSE, BRI ARATR AT LS T RATH R
IR ER AL TR KA RSN T, TP A3 R L AR B AR
R TR X — R AR i TR
5 K A W AE R AT RE I 22 5 o AR ST
S A KR B A [) 28 1 3 U R R AT RE
f225, MRIME5E ] IR AR B AR

ABgEiE I F R s e s 8 b Rk iy Ak
KBS BRI SE, FEIXHh 3 Kl
(£ 4): % 1F (y) FEERFZILAE
BRI 82 FWsr (yp) FEAFERIEER
PR RN SHETIEA ;85 3 EWsr (y3) FEE
JE IS (B 2m-vE R AR B Do 758 1 o,

FERCEE YT MU T 5 . RS AR e 3 A
JERTE . JEEA . AT, RIPRHE m E TTE R
4 51.2%, 55 2 EsrEE R RS R R . A
TR 8 A e S T AR B T SR, AT AE
FHXFI/N A B IR A B e, AR AIE ] 2t T ik
RN 33.6%. ATEIEAS (BRAN-SeR MR ) 15
NG 2 HZE S, T AT Rk AT 38 &
BT, AT R R AR (R R
JEMTEE ) AHY T AR (Fr#+E# ) 1
R R TE R (I HUAE, TR, SR TR L
TR BR BE 0 S B A T8 B R AR I e &R o
e 329 T AR b S e S TR A i S R
TR RN, RS 2 0 B RREAR R (e,
XA 2 RS I VE S R AEAR S A A i R 5%
JRLROVE FIAR R . 565 3 Fiir B m M
IEHRAE AR (455 5 5 SRR X < B R AR 455
RIS, B EANXFE 3 F M m s Jr =X
FHIH o

A FH B B X R0 T 2 A T
fRIEAZPERIE R 1 RER N (E ( - 5158.93),
A LKA i A e A (OB BERR AR ), Rk
TRATHE B ARG Rk A R BE (BRI ),
HRA TR Bt . A |4, R 6 4
FEAM RIS ST T RATRE B W A R 2, H
H T 58 B R BN IE(E (2619.51), it RT#
R S 1 R ik B2 TR A T HE RG5O R TR A
(I RZBCATUE (-724.50 ), [RIREZ WA e 2
THRATHEE G, nT 0L, 2 SO RESS SRR B ENIE
PR iR 2o A, s SR, R
HRATE R, AR B (] AT R4 g b E
K, FECHXT CATHE 2 0 G S

[ 5 2 F R 5 L&A L2 51
TTHEBSAHSCHIME B, Horh JE K A R %0 1090.7,
2 KB /N T T 58 1 R 4L 2 619.51, Won 5
Kok, Rk 2T iR o, P
JEE BH S AN AN i S BEAR A K S AR R BN
ffH ( -96.23), UilAEmA/N, Rif AT
PR . BT A RS A R A I Y
Tk, RIS A BT AT AR B B AR
L5182 15 76 T R Rl N R A 3%, A itk — 2
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EH AR R 2L, B T R AR R R
I RATIE B0 A7 2 2 Fh R A2, 4. A2 X
R4 2018; Aiello et al., 2021a, 2021b). F
#(Yang et al. , 2017; FRAH 3555 , 2000; Srivastava
etal., 2021), PEI (TL=E4E %, 2003 ), H % (%1
P45 20135 SRIT Jp 5, 20165 FE4KESE , 2016 ),
CATHVAE RS ( B AT, 1986)., Hi
BIRATIER . Cle S5 ( £ARSE, 2013), BPE
REEE (RIS, 2000), FESE (AL
14 1995; Rhaindsand Kettela, 2013 ), H 54
(FhEfE5E, 2004 ), & HURNFE8 F5 1) 5 AL
i (FRAH5REE, 2000; VILsE4E5E, 2000). #FE
Tl (L), L KIAEE (AR5, 2017;
Huisamen et al., 2022). ZiEYIFZE (Bl
45, 2008; FER 45, 2020 ). sw g RP | K Barber
and Kawahara, 2013 ). & (VI=HE5%E, 2003;
WEANSE, 2019), % (VI=E4E%F, 2003;
gkutaE, 2016). JESAM (FMREEESE, 2019). O
MR8 (H o gel and Goerlitz, 2020 ). #1J¥ ( Zheng
et al., 2021), g4k . EAJRME (4REIREE,
2017 ). HifgYy ( EAHE5L5E, 2018) 45,

T I AR R R B K A AR /AT RE A
Sk, IATA R, A IR B T A RT3 A TR
JE fc 2 o AREI g ) SR AT I B R BT /AT
BFR] A, AREE 2 KA Rk R i 22, 1M
TR rh SRR ) R R AT ) R B g o DA
Y RATHE LA, RS 3 YA Bl KR
AT IR SR Fe /N R BUR MR A5 50 KA T A
ERE MBS 2 R E A R, Sk EE, €
7 BE 7 555 1) 2 A Y i S5 A v A b A R,
UCIER RV /N R, i 22 J AL K o
Roeder %% (11968 ) il —LL Kk i) T S0 A ¢
BT SE A B, R LA JERAZ B B & 1 7R
Barber 1 Kawahara (2013) i#—# kKIS K
i Cechenena lineosa. H 15 R KMK Theretra
nessus M ECHBISUR M T boisduvalii FTE: FTHE
PRSI A FE AR T L 32 37 A X s 10 68 7 0
A DA RRAR QAT BT 4 i 4 2 57 P AR 8 R R R
B ) 22 07 B B s A 05 ) s ] — BN Ay e

AR KRE 5 T )7 4F AT ( Kawaharaet al., 2019 ),
2 BN AN 2 1) g a8, R AE CATRE ) b 1)
AT AL, AT RE TR AR TR
A A R A AL o A TR R R
AR A kA LR A S, 78 6 T 4ERT 4+
ARIZERE . REBCRIBEA Ve, CAWRIE
SCABRRE UT A R BRR EFRR Z07E B T T 4R
BiLAG (Hamilton ef al., 2019; Aiello et al.,
2021a ) HEM K gk Y R AT RE Ak AR AR R A
ARKKER, X TIRAWWME, EFELTH
75 AV BE T Y W I P AE R S Ak ) R AT Y
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Wr S B RIEFN S, ENTFEAE e, AT LLITE
TN A7 N AR T B ], R R U
XTI, RAFHE 2L Ssy, RS R R ¢
AT 345 KR BE A o #0 H RIR I ZR5 CATRE
J1ie, FFE AT AR IR AT R 5 5 A
AR 2 K, RATHUB SR, it 84T,
e Sl ST AN Nk S (1 1ES SN Y
FERRATHE RS AR 2, 7 WA Urds b nyds
fiEo FIZIRIE RATHESS 4, RATHEESE 3,
FEAR B W g AL AT T MR- IE o J8 331K
ORATHESS 3 (HAMIRMAEE T ), AT
PR B, WIARR A WL RRE . 48
SURMRE CATRE IECES, AN, A TR
HEAEIINT SR . T & RIKE) CITRE S22, TR
K, HENHARA AT REC. &bk T W de o A4 R Ik
RATEREEBIEEE 2, WATHEEEIECE 1, K
TTAT AN N A TR 8%, 2RI 2
PR ik HLABA], AR S, A0 0 e 0 3
S A — 2 bR AL 2 o KA R RS T &
R i i AL LU 5 A T R T

FRT R, AU R B A7 | ffRE7K
Vo SRS BOE R RIS . K
1) AT ) 5 B A RE IR AR AT Az )
123 S RH R/ o IRBUR A R ik, BB &
TR &Ik, BARIETR K, i iR 2,
{HARXT T Rk 0 RATHL, Tt ) AS BB FE AR Ml 2
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PRI AT REICRR BE G A, AL /N R ik
TRATSI A AL, CAT RS, 38 1 e 5
T PR BEE  eh ARERE E o AATE i Y G R0
AT fe -, AR A R kR T Y BE ) i
5if, LKA R R RN ] — 23 S ) B KA TR
FHYIEMEAT PL A, AT e AT AT LA 3o A 4 sl ] 1)
R AT RAE MR E M Tt o T R gk 30 W
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PESE 4, AEE T RS A AT AR
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AR T, AREH T 2 2
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S E AT B IR i RIS R I R 2
B HURATRE AT BE o [ N R [T RHIF AT BACR:
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Z | BN RE . HRE L RERE . R R
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