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Methods for magnetic orientation research in migratory insects
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Abstract Insect migration is one of the most complex and fascinating biological phenomena in nature. Migratory insects rely
on multiple environmental cues to navigate across long distances with remarkable precision. Among these cues, the Earth's
geomagnetic field, being globally available, diurnally continuous, and temporally stable, has been shown to play a critical role
in orientation and navigation in various animals, including insects. Although recent years have seen rapid progress in
understanding magnetic orientation behavior in insects, a comprehensive methodological framework remains lacking. This
work synthesizes the principal methodologies for studying magnetoreception in migratory insects, with a focus on behavioral
approaches to inclination and polarity compasses based on different magnetoreception mechanisms. It covers the general
experimental setups for geomagnetic orientation, behavioral assays, biophysical investigations, and potential confounding
factors in geomagnetic research together with possible methodological solutions. We further introduce key techniques used to
investigate radical-pair and magnetite-based mechanisms, and discuss methodological controls against experimental artifacts
such as electromagnetic noise, light pollution, and physiological variability. Building on these advances, we synthesize current
approaches into a systematic and operational framework for studying magnetic orientation in migratory insects, which will

expand both the breadth and depth of research in this field. Mechanistically, this framework will advance the fine-scale understanding of
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animal magnetoreception; practically, it will support migratory pest monitoring and precision control in agriculture.

Key words migratory insects; magnetic orientation; research methods; magnetic inclination compass; magnetic polarity

compass; magnetoreception mechanisms
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Fig.1 Examples of compass mechanismsin insect
orientation behavior (modified from Mouritsen, 2018)
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Fig. 2 The geomagnetic field (modified from Mouritsen, 2013)
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All angles shown in the figure denote magnetic inclination; ca.: Circa.

ARG B 3 T RGP 0 OK WKL ( Magnetite
particles ) WJREENHLH ( Magnetite-based
magnetoreception X Kirschvink et al., 1992 ; Lohmann,
2010;Ritz et al., 2000 ; Hore and Mouritsen, 2016
Wan et al., 2021); I4F, Qin % (2016) 7E
PRSI gt T —FP LT CRYs/MagR EHAE A
PR BT RGP AR Z BRI E P R R B 5 1 & T
P2 A )2 U 2 O (B 3), AR
A TR AE X e M, 1 pR SEEXTAIL R DR LT3z A 4 i
FHAE RN 9 1A= ) 2 e R, O B i
WIS R S T ) 22— LA, %
FEFAR) CRY 7EGCHRMIE ML A H XTI,

H A Z B G RZ R, TR BN 50 )
2, HEA SR CHLREfF B (Ritzetal.,
2000 ). VEAGHAGAIRLR N S 1, CRY 78
B Ju AR S A R OB B . TEA R R R
e, AREIHLRS (5 A CRY WEAIRTREAR .

TERE M, CRY 1 B A A X RET A 7 1) 7
JEHAT (Wan etal., 2021 ), TMiZESEHRHE Periplaneta
americana "1, CRY2 JULLF- b Jy ] 417 B
HY RN A ¥ G EVE A ( Bazalova et al., 2016 ),

g f B AR, S PT CRY @it A H
FEXT AL e 3 AR A5 4k, DI PRl RS IR ST 6
o P R P R IE A 9 EA ) (Ritz et al.,

2000 )., FHESZR, RERURLHIL ] UL T4 Py ik N
FEMMET Y, E2RhE S0 Y%k
(Fe304 )o ZHLHIIN , I LEREHORL ESE 15 M
HREAVE R T 7 A W B A | e R sk 1) HEAR AR
1k, i SRR A E LA S R IE AR LS S, B
SRR, “HE W B PRGN 2245 Kirschvink et al.,
1992; Lohmann, 2010), EAMRAELZE,
U SR 20 TR v e IR e ORI AT, I 4
0 AR BN G 37 7 1) 5 T AT e R 5 2R
( Walker et al., 1997; Diebel et al., 2000;



5 4

85 TR IR TSy i

+ 1661 -

i &R HUAERE 15147 Magnetic orientation behavior in migratory insects
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Fig. 3 Research roadmap for magnetic orientation behavior in migratory insects
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Fig. 4 Experimental apparatusfor studying magnetic
orientation behavior in migratory insects

TR E E T RATRUAR oL S R, T B e,
AT E ) A B DG S gl
The moth was tethered to the vertical axis at the center of
the flight simulator, allowing free rotation. Its heading

direction was continuously recorded using
an optical encoder.
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A. U BmAT; B. L BIMAT,
A. U-shaped tethering rod; B. L-shaped tethering rod.
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6 EMSRRIHAE CITRISE PR AT
EM5 7 (Chenetal., 2023)
Fig. 6 Flight orientation distribution of fall
armywor msin the flight simulator ( Chen et al., 2023 )

P rpr A (i e (KRR E P (r), JEEIA
0% 1, RGN r=1, MK
(MV) i kR AAE 1 IACE B E . RS T
MV [ e, R IR P 3R Gt i R () RO(E
ARSI HIXE R P <0.05 (HIE) FlP<0.01 (FME ), [
BISNZLLEL BRI 95% B IXN], A E R Sh AT
I R =2.5, mN F/nR#dt (Chenetal., 2023),

The length of each vector in the figure represents the
individual's directedness (), ranging from 0 to 1, with the
outer edge of the plot corresponding to r = 1. The thick
mean vector (MV) arrow represents the weighted average
of individual orientations. The R value quantifies the
directedness of the MV. The dashed circles represent the
required R values for statistical significance, with radii
corresponding to P < 0.05 and P < 0.01. The outer red line
segments of the circles represent the 95% confidence
intervals, with the outermost radius of each plot
corresponding to R = 2.5. mN denotes the

magnetic north (Chen et al., 2023).

650 £ F1 G A PR S5 ) S B RS 2 50T ( Lohmann
etal., 2007; Guerraetal., 2014; Dreyeretal.,
2018; Mouritsen, 2018 ; Fleischmann et al., 2020 ).
(HARE RIS, W ORI s R REE R ) (A0
1) B SRURT BB TR Tk 1 2 S A ) b i A SR T SR
LT R =N A = 90 A TS SR i O T
JLIR S 0 A BT O S R 1) (A ) D) B
m] T A AR P (5 B (Chapman et al., 2015;
Fleischmann et al., 2020; Grob et al., 2024 ),

21 HESHKESERERERAESR

B ) FH R 320 7K e o 8 S e 52
BrR R B R AFAEREE 10470, SR i s
S XA AR ARG AR R P B AT R o SR

G2 SR ESER T, G I R T o R AR i
7K T 1wl L] 52 A D e i S e 180°),
(7 Fsf P PR A i 3 J i B P B AN, DA
¢ B IR RATASAULAS T Y S ) SN

Dreyer 4§ (2018 ) 267 S0 % b g il
AT IR ) B RATRLALL 88 R, IZ R Genl ##
PRI BT AL PRI rp v AR S g 37 07 1) T
i B R K AR L, e BRAG Xk )R AT
E AT M 52 B REZ 2R 0 W2, 4R Al
SN )T ) 5 MG T 0] — B, TR REAS PR AT
FeEE ], TSP A v Emt, "Rk
e (B 7). B, TR A X3 a]
A5 MR 5 BT ), WoR i RGE R 2
P SALRE ST o X — 25 R T B AT il e
AR A 1A Ry T REAS AR B — Y % 37 , 3k ]
RESN AR B HU BT AR, LIAE S R B h S B
FREEM (AL ). ZERRIELR RGN TR
STl 15 100 A2 A AT A wE R, EL R JC I B X
3 HAMCHST ) 2 A 1 2 S S R A 0 B X2
PR 1 ) B R K- D ) ), PRRR 22 AL
P BRI ROT BRI . P,
—20 B B o B e T RO R [ ALY, G 5 7 B A
fill BB SR X PR SR, A SO AR
2.2 WHH 2.3 Wbt SR PR LAY
PR S AT S e R 7 TG 22 5, LA SRR T H L
JEAL R Y AR A

22 ETHEATERNERTHEIE

S eSS BANTR], WA % ) %
UL T IR J5 11, sl R FIWTRE ) 4o
6 1) SR 780 7, A R RSl A
AR AF O RSO A [ 7 1) o ML AN AR T
WAV B, TR 30 o R A A8 A 3 A
T, FE PR ML 708 B 5 /K- A3 s E e 1
UE RN E L kLS Y27 = B w NG NN T2/
T AR 71 1) R R AR

H 5 OC T R RN w400 A 1) e BL IR
Pk B T X EEEAIATSE . Guerra 55 (2014) 38
T AN S e W 7 () e B ik D SORR AW, R BT
TR 0 A T 52X Z 180° K

(Bl 8), 4 REKM, WAL/ E
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N=42
72°

R'=2.016
P<0.001

0.05<P<0.1 Y 0.1<P<0.5

7 EKkFLEREREMREIR THHNRHERTH (Dreyer etal., 2018)
Fig. 7 Orientation behavior of bogong moth under horizontal geomagnetic
component rotation and reversal assay (Dreyer et al., 2018)

K, BOECSLFRMBES A E, BESCKERRWEHAR, NAFEARR, G BRIEPWLafk (MV) Fox

A ARSI, 4% H 2 1 f K B AL ( Moore’s modified Rayleigh test ), MV B5E A i REFE R,

HREEPAR XN P <0.05, P<0.01 fl P<0.001, gN F/R#iill, mN FaR#ifill (Dreyeretal., 2018 ),
In the figure, colored arrows indicate the magnetic field position, while black arrows indicate visual landmarks. N is the
sample size. The red arrow (MV) in each circle represents the mean direction of all individual moths*, weighted by their
mean vector lengths (Moore’s modified Rayleigh test). The directedness of MV is indicated by the R value. The dashed

radii correspond to P < 0.05, P <0.01, and P < 0.001, respectively. gN denotes the geographic north,
and mN denotes the magnetic north (Dreyer et al., 2018).

TRATX R BB ASe SR WATA : HkfA-45°

Flight control: 45° inclination angle Experimental flight: —45° inclination angle
N=8

1800~ N=8 mN 1800 mN
1200 1200
w E w E
600 600

B8 FIWETHMAZENKITEMITAH (Guerraetal., 2014)
Fig. 8 Inclination compass-based flight orientation in monarch butterflies (Guerraet al., 2014)

Z53 & Z score

Z {H3FR Rayleigh Mg igeitit, HAHEARY Z=nr?, Hrpr NSgbeARt, v PRy m R K Z (BAE A i
SRIEHIRTERR, 2 Z = 500 BF, RATHEHE NIRE 5 Z< 500 B TGE R o 2RI ARARE T, SN A R
FEIRAMRI AT I 1], R ATk FR BT B 5 1], FARE X3k R 95% A5 X ], mN /R Mg Ib( Guerra et al., 2014 ),
The Z component refers to the critical value of the Rayleigh test. The Z value is calculated as Z = nr?, where n is the number
of experimental samples and r is the length of the mean vector. Using Z as a measure of directionality, flights with Z = 500
are considered strongly oriented, while those with Z < 500 are regarded as disoriented. In each circular diagram, the colored
circles on the outer line indicate individual flight directions, the colored arrow represents the group mean direction, the
shaded area denotes the 95% confidence interval, and mN indicates magnetic north (Guerra et al., 2014).

BT E MR R . R ESEHE, Guerra  if, 8BRS h AR FEA R AR 30 PUE,
55 (2014) MBFRAFEREAS R/ N A, BRI DABRORGSITH ISR A nl e A SR P, 7R 52K
TESRMGET RO o AR EONRRE R T el v, BSEREUR 2 BAL AT atsE E o IR
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A ARSI R MR L R B T & B
R 2T, BB 2 B AR AT e
BB, RAEHE—LHRA

23 ETHMYTRERTHEIE

TELRFR LG BB EE I X Y. Z Sr s
AARIEOLT , R X, Y. Z J7 1) DA M
Yttt o i A B B R [ AT R R, D
TE B HUR 5 B R R PR A BT

Grob 55 (2024 ) iz WX (5 25 i s B - Je 1Y)
SEYIESE T BRI E A RS B pFSE A BATE

WG
Geomagnetic field

HRAD

WA TR W R B R G,
AR T TR M REIAEE . FESEER BT, B
FE N G SR A R T L ), SR T X
A S VA R AR P 2 T 45 ARG A i R
FRiEE . St B, FFT N GROR 0 R
1% R GeSE I SR I I 2 2 AT e AT N . 5K
B, YRR SO e, I [ Sk R )
KT 180°F s, , iX—IG RN, BT GREE
PR ML RGP, I8 v R A &8 B AR B ML
Hr, DRSEURS s e il () (&1 9), e &
B A0 RATAT Ry o 1) T R T 2 R R 25 1

Nest entrance

Coil off

REFLETA L
Fictive nest
%Eﬂ% entrance
Coil on }’(
eS| % e

-
OB A BRI 1 ‘ AR A
Altered inclination Altered direction Altered polarity

B9 EZE&WSATE B RMBIRE REMBIFZE THFEIITETA (5B Grobetal., 2024)
Fig. 9 Learning walk behavior of Cataglyphis nodus under natural and polarity-rever sed
geomagnetic field conditions (modified from Grob et al., 2024)

MR [ SRR S T TR B L TSI T (R ). HINAMA S R > — e e, TR 4iE
W WA RO S ARG A R ARt AT (4148), TR LM EFR R T RFESER &M F i b2 5. E55Hh,
A D e R N 0 s N = R A A L B i N (1 D 07 N i S S M52/ 3 & P o & =y
(PED. EmfA (AR sife2EmtE (48 ) (Grobetal., 2024 ),

Ants performed learning walks on the experimental table under natural GMF conditions (black line). After the test ant
performed at least one pirouette, the coil was switched on and the ant continued its learning walk (red line). The different
behavioral responses under experimental conditions are highlighted in red below. In the experiments, either the horizontal

component of the magnetic field, or the vertical component, or both were inverted, resulting in different experimental magnetic
conditions: Altered direction (middle), or only altered inclination (left), or only altered polarity (right) (Grob et al., 2024).
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WO SE SR IR B, W T R TTAN X
FE R I TS 25553 ( Dreyer et al., 2018 ),

3 MBRERE (|8 MR F SR

iy 74 7€ 1) 1) A W ) B A SR 5 A BH 3 )
JERN 55 0] FH b 4 37 14T 2 1) R O P ) SRR A
FAF SR LM . 526 B 2900 1wk
JEV BE ST AHZRTS 256 IE ( Wiltschko and Wiltschko,
1972; EFHESE, 2005; Dreyer et al., 2018;
Mouritsen, 2018; Grob etal., 2024 ), MHFF
EXAEBIRA , W SGE AT Ry g fa 20 3
AR 1 2 5 R TR ) 0 AN G TR g A ) ) P
MLKIDESE , i —2 85 55T At 38X HL]
BERURI LA J2 CRY's/MagR & 152 A ML B
[ % 5] 75 ( Shaw et al., 2015; Pan et al., 2016;
Chang et al., 2018; Tong et al., 2022; Leberecht
et al., 2023), MZZWLENGL, HFIHE T ik
JE [ AR YY) B E S i O R AR . i T H T
CRYs/MagR 2 FH & S RHLT R 7R B dL R0
W5 E AT MagR Y S ) L 24 S0 6 EA T
Sk, HIHE SRR AN, Stk F2E 5 A1
PR SN A 2

31 #EAFEFEHAHENYGRRIE

PR IE)IE RN S AR IOC I % SR 5 2
553 SR AT LR MR R, IR R R R T T H
FEXF R REEHLE, CRY 2 H i 9l uE 52 it f ]
REA S EE T IZMLH 1) SRR B H ( Xu et al.,
2021 ), %% kHz % MHz $BL0WS S5 9  jg
SRS o RN ERET R SURENENL SRS DN IS
TR AE TR, DA 52 e LR B D R
TP X I F RO (4 R SR R L LT TR
PR, A 3 it i 2 A S A P R M b B, R T
FE T WG A 2 S 3 [ P T R SRR 0L AL o 46
IEFHESY (Leberecht etal., 2022, 2023 ),

SFE A EE s M AL L o S AR R
WnreA: 504, L Leberecht 45 (2022) FJH
KK a1 Sylvia atricapilla 72 7] 2 T Ji 1Y 53 47
FLf 5 A PRSI R 61 - A H PR B 2 I 2K 2k
B =R i e, R R T B TR R R

(150 kHz-400 MHz ) FIF JE XU Rk (9 kHz-
300 MHz ) 435 A S 36 P 56451 3 i i 2 5
Yoy, Il ES 5SS 00 5% 1 min 1Y
TELE (50 h M A B RS WIFIE ).
SE T B SRS A5 S A B A4S (9 kHz-6 GHz )
FEAE, BIEIE RN 75-85 MHz (DR
80 MHz, #7%: 10 MHz ). TESA B4 T
i th RMS HLHE 37 mV AE AR BRAL, X 2 RMS
WE R 150V, TR B AN Y0 B )
B u B ANTA] (Leberecht et al., 2023 ), {554
oM DR AR R B2 45 dB 3435, Hm i b
M 5| ASEGAR , B IS % 35 25 5 il Hy 8 % 5 75 Ty
RO TL AR , FHIE AT [l A5 28 ) A% BRI AP £k el
SR R it fin 1) 52 5526 & ( 40 Emlen ¥} )l o
I B BTG 2k PEL A A0 M A S5 9 P58 v 7 A A
FEWEEF o X LU F AR B G 1 S A 5 S 00 R R MR o T
PSR WIRFINNT G 8 AT R R A, AT LUK
Fil B I8 15 ARG R B A PR SEXTAILE] . 1%
PR T 2558 F R ST RE IO AL, [R]Asf
BT HLRE T HRXT S i i (G %) 1T g e R

R o
32 HHRET YRR GIRE LN

T TR AL AT Sk 8 ™ SR A 0 40 i o 7
TN FRAE T M LR ( Kirschvink et al., 2001 ),
Y& 0 1k, CA B AE Z R S P 2 28 b R D 2]
TR AETE ( Walker et al., 1997; Diebel et al.,
2000; Wiltschko etal., 2002; Panetal., 2016),
FEA ok 6 22 () IE B 2% B B L fh f T BB R
Wik T2 500 (Grob etal., 2024 ), 4 Wi
SRELAI, 0 IERE TR HL I Y 28 A T Ry = ik
F2 L BRI R Pk v 5L 8 ( Kirschvink et al.,
2001; Shaw etal., 2015), Z S EXTHH
FEXHPLHITCRL ( Wiltschko et al., 2002), {HA] L)
3 A VAR A I T 5 Dk e T B ) BRI
B fh R B WG AR A 4E ( Kirschvink , 1983 ;
Kirschvink and Walker, 1985 ), M i a] AE[a] 12
RGNEIB R RAE BTG K E AT R B s
A SEIUESE , RE K vhBENS MU 22 28 1 11 2 1)
18, 451 (Irwin and Lohmann, 2005 ).



53] 85 TR IR TSy i

+ 1669 -

JEHF ( Ernst and Lohmann, 2016 ). Wl Eptesicus
fuscus FliE f. Fukomys anselli 4 ( Holland et al.,
2008 ), PRI, T ok v S S0 Bl 40 Sy A 9 R AN P
A RO, #He LR HET W T R H
T FURLHIL I A0 e AT

T Jk e S 3 v FH 28] 9 4 S 2 R Bk i
AL, LA BEOenanthe oenanthe [1)52 56 Ky
B, Bkpmi A 4R ( AR 50 mm ) [5E 73
R o A8 R DK v 0 T AE A~ S H A A ik o
WA DI RE SRR T o SEder, kb i
SH SN, FS 60 E NS KA TE
1.5 ms P_EFFENEAE 100 mT, HAE 8 ms P
XPTRT R, SCERHEE T — DR, &
i FAE IR B SR 75 ( Karwinkel
et al., 2022), BRI FIXLGHLSE I Lk Bl A A0
H Rl BRI “B3g7 . T RE ) S8
T oK 2 75 6 52 A0 G 1) AT R 7 A s, LK
TE AR G ) AT Oy 2 75 5 T 1 A J%
I AL

SFyitt—FE RGO, T R A S
55 W PG S 79X Superconducting
quantum interference device, SQUID ) Fligshte
s figsm 1t ( Vibrating sample magnetometer, VSM )
(Panetal., 2016; Gaoetal., 2021 ), LI Kl
F5), 4 F] SQUID ( MPMS-7, Quantum Design,
USA ) SEATRETENR, MRIEF N 1 x 1071-
0.3 Am’, Z5XFRIEH 1% 107" (3754 0.8 MA/m )
5 x 10" Am® (3738 4.0 MA/m ). SZ5 AT 53531
HAFR A IR I ZE (T = 10-300 K ) FIMIK
A N IREAFIRIZE (T =10 K)o FH T R85 i
Rt Ty 1 BTG Y, S0 A 20 A TR 7
AP, R T SQUID W& 7 ¥k LA, i W] VSM
X RE B AT BRI S = . DL I
( Reticulitermes chinensis 5 Odontotermes
formosanus) M, Gao % (2021 ) 5ok T
MEFETREIRATE T 75% (viv) LBEH, 5E2
BHTFE3S °C T T4 10 h, FifE39 °CFT4#21 h,
Bt )5, B MAE T 1.5 mL B4 N Uk oK
IR A g Z . FIH VSM ( Lakeshore
Model 8600, USA ) 7% it Il Homf iy 14k

FHHETE I R+20- - 20 kOe, PR [AIE+20 kOe.
SIS Ay A R T 3 IRE R &, FF7E
RS T A T2 BB Sl i, Bl 5 FnBR A
555 o X AR B 5 A S ARG P14k, AT
G U IR DA ISR PR R OB P A7 A S5 REMEREAE

#£ SQUID 5 VSM 7 Wwg Il & 2 J5 , WI
TE SO 7K S b 50 2 7 B HAA P %) G R A
fio WHTERELE LR OSSR
K, e EEERE T (Feo') 5854y
SR A B R F AL W AR UTUE , FE ST T
AT RS, e i Y o D] D = % LU B TR €1
WURL AT, DT 7 2H 2R B A ) b S R ks
PRI E AL (PR S, 2021 ), #RIM, F51F
BEE LY AR H R T RE( Curdt et al.,
2022 ), H H i B = 5T 40 P #E B0RL R 25 B
i 04 2% 0 T RE B9 EL#E UEHE ( Edelman et al.,
2015 ), IXAUHE /S FELE Fff R L T8, X
R T R 43 PR e R S ) DS A A
AP TR

4 MHERHRHBETHRESER
EERTR

B LR R 2 T AT oM ) 5% B 2 Fh A 85 T R
(T, XS TPer 68T 3 S 50 25 5 B 22
FE 3 i AR A% ( Mouritsen, 2018 ), 145G,
BHRAGNETIE (MRS nTRES N
HSife S (Lietal., 2023), Hik, 7FHKKF
b, i REHGE R s AR . R Rk
MEZEARTHEREE M (E 1), HAEST
95 % 5 TR — A Zead R EL A A K Pk K, A
RN SRR SN, L n B R EOE AT
%% 3521 ( Wiltschko and Wiltschko, 1995 ; Engels
et al., 2014 ), IAl, SEERAEE ST SERAE
PSR(ENdDIN kS A G DL I =R i S bl

B i SR ) 5 H R B B VDA
5, PRI S 0 e R R 20 A s i A AR ) H
% 5 AE RS o DA H DT A ], X R ARl
R MR8 (o K B B ) KRR T IR
W5 AR Y R, HGE KRB I PIML)S 48-72 h
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IRBNEEAR, MR RATHLL B G . R Bhf 8 i 78
B, s BT K EE R ®AT (Jiang etal., 2011;
Westbrook et al., 2016; Liet al., 2023 ). % T
it FIRTT , HE O w7 o A R RO T K
P38 ], OB g 35 ZR AU AT A T R 7 6 PR R
I A TR B 3 L PRI ( Zhan et al.,
2011; Guerra and Reppert, 2013 ), FHPCHEL R
B AR T BeFE X — i B g “wifn” .

HrR&E TS tEERKERBREZmWE
WREE M E N R TR, g
W3k 2377 A2 50 Hz-10 kHz 9330 F A L R e
5ER T B AN R R o T R U Y T Y
PRGNS, BIMETREETE oT 200, W2 LTk
YNRERAT R . Horp, JUHELER kHz 3
MHz I B (1) 55 4500 B G e 27 ( Leberecht et al.
2023 ), Pk, SEEBIRT 70T I HL G B R
it AR DR A vT S . FEREBRc A D, R
K E TR (IS A4 ) BRMARImimg
T, RS G SRR (I sids ) #eil
VIR ] = i e g AR 3 o i A 5 5 | 1 46
SCERARAT SRR, T 2 D) 2 B AR 308 TR, T ik
B8N 1) 553 v A AR A 3 % S AR A PR R B 52
D TTAE B A1 3 ] PRS2 KT R M ) o 5 A
B e b, SR R b %) R o) o e () 2R 1 7 r
WEBRIE, oV B F G R AT RS 0.01 nT
KUK A B 2575 g 10147 R #8750 i 3 ( Engels
et al., 2014 ), JCIRPI HHEE M VM. 4N
it IR IO AR S, HOOH G O ) MR B AR
A By iy 5L AT B R D TR R R S, X A
N B YCRSREIEN B H CRY 1 % VA Guerra et al.,
2014; Wanetal., 2021), BFUL, 7EIFRERELE M
FT A BIEGE RS o AR P G R A IR T PR
KA | AR TEREROBIR SR A, A
A HERR PR 5E AT e TE G .

A BCA G g i s 1) AT R AR 1 T
TSR, RN RO e 5 4E 4
BN, B LT A AT AN B R . R R UE R i T
RAf ., TRt RS AL bG 1, LA/ DAL 1 Fn
AR IR ZE . WA, FEAT st @Il
BOCH B LAHEBR WSS 00 2=, LA DR B s

et S TR M. 25 E, MEMTIHNRE
Framst, HOL, RGERTEH] SHERR 2 ML) R R
S SE 0147 o S BLAR T B e A5

5 RE

EL B 5 8147 R RIS A Sk A 0 S AL il 4
RWEE L, IR REL R S AR TF-BOT
AT T U AL R G T R &
R JER AT 9 1) B LR R ARR R , FEAS 1) 22 AT
5% TR A 7 v A TR , 454 A P BATE B SR g
AW 5T TP A ELR SR, o T OGRS BR Y
UL T BN ARV o 287 B AU R W 58475 T
Il — ZR 571 AR o Fff DR A A0 TR AL, e R ATL
55 i S 2 ) A U [FAE G TE R 18
CRYs/MagR & & A AR AE R E 17) T HESE
T TS RS IE DL B K g 2 v AT R o —
ST 5 BN A6 B B P %) B A R B
G SRR LA, ATz n]
TE A — AR FRAS T IRA TR 98 2 Fh g I8k i 2R S Al
HAERM G — L HERL, BEEMIRRA, Bk
U [R] R 7 il R0, SR s 1 JR B M — 5 1Y)
FESEPEA b, Qs EUE R R 2 4 Wan et al.,
2021 ) FAE X7 kL T Mo - B2 A5 B 2R R
A E M) K EE (Dreyer et al., 2018), NEEZRS
YR BN P 3 R S A AR PR T R AR
R

Zi b, I CRAEEREAMERS . &
KPR SRR L TR B
AR JE SR R () A B T, KA SR R R R [ R R
TR AL A5 B BRABVBE Y | AR SR G 9%
AL T HON RGN T IE AL FEREAHOCH R 5
SCHORE R I RRERAR T . AT TR AW &
f&, VIR R EANIR L, SRRl
F1A) 0 3 1) ANV SRR ST AL AT 5 A SR AE AL e AT L A
RUF g, L2 A 2 N A5 T S B Y S -
CAAUA Bk A W R SRR R P T 1) i T A 2 B
WAL E Z LA Wbt s R, ety
RO AR I S Rl B A 2
LA R B T R A (Wan et al.,
2025 ),
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