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P Fe T T AT el JAvT oJd ggo] F=3lsA e W, 1§
X A (personality) @ &o o} (Dall and Griffith, 2014; Dingemanse et al., 2010b). =
ast7] A Mda rdd S B wiel Ad 1093 s A e st

gt el APAT oo A AP oy ATE FaA
e EE s ERwolA A4 4ol EAsitte AMde]l W Rt (Carere and Maestripieri,
2013). @A BE 4A A= FE B4 53 (Spiegel et al., 2017), ¥AA (Briffa et al., 2015),
2 (Class and Dingemanse, 2022; Dingemanse et al., 2021b) & & P59 thx2 F25 W3l
HA PFo AZE o =6l AT olygl, 21 x-Ho] #A (Belgrad and Griffen, 2016; Kalinkat,
2014) & A FEodA UEive vde A FelE AHEHa v B3 ' A4 dae 7
Z ATt B ofyel QIte] ghgo] FEOA MAE g, AAFT #eE, IS F #Y T 5E

=)

Ao = 8511 9}t (MacKinlay and Shaw, 2022; Merrick and Koprowski, 2017).

N

AFE TS Aol FE 4o Ud 29 AF 2wk wEHr B 449 A% wa
91 QAW 44 4L 29T W olHE 3 B ATAE FA AFAY $AH 0FE
33l 2t} (Dingemanse and Wright, 2020; Hertel et al., 2020; Niemeld and Dingemanse, 2018b;
Sanchez-Tojar et al., 2022). &> 2 /WA Wl Az Adsto] wpe} th=7] 2w sm o]z
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48 HETEE T VOL. 1

A O A Folr} vhE Gl s} wlwy 7] g, PFe ANYS B
97 Faolea FAs] AL SHE FE SPUT LWL AgokRh B =R
B 47 A7 gAE Avium, BB 4Z Al AgHE S5 4%, 42 34 4
5] A% StE A% FH P B el el delad @

S

S= 44 AF2 HA}

& QA g 7] A= A AESo] ofd Algsks vIwko 2 20417] FRH-E s
o] Fo At (Gosling, 2001). A E3AEL A A 1+ 2po]7t AAAE S S5 31354 A=
7 =71 el A ] WolE TASH AR, As SHolAE 284 Fith FsAE
| e A3} o] 2(optimality theory)S wal A7 A= (fitness) £9S Eaf xdddo= o}
X HAo s vepdnty FEAAL, F5o JHA zeole 58 SFAH A EAs ALY
HA o = HY oA Ho]d v A& A (nonadaptive)2l Aoz Azt (Dall et al., 2004). =3 =
719l s= A AFolAE= “personality’ghE @ol7E Ad oRlstA &4 wiEo]  “animal
personality”’ 2= 8o thAl “temperament”’Y “copying style”¥ #& fo]Z A3/ E v}

(Gosling, 2001).
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g3 20009 W) SHHEE AEEERE olUE FEAAME M2 UE dE FFd 7o duio] w

9 4 glvhs MRS Mo B8 479 EAS FASRE BN kel A7} g e

71 AlZFstt} (Dall et al., 2004; Dingemanse and Réale, 2005; Gosling, 2008; Réale et al., 2007; Sih
et al., 2004a; Sih et al., 2004b; Sih and Bell, 2008). <& £9°], & /AT WolA v FF 2oz
gEslE MAE o2 AAAA b FAH o PEsAY, T2 o] e A S &3
Fssls 4TS 1Y 5 At o]#d A5 FHe] AR L ‘Y FA=F(behavioural syndrome) o] 2h
3 =29 (Sih et al., 2004a; Sih et al., 2004b), 20103t ZW7HA = FEAE=FS s 2dY
FoMe M2 g2 % Id2 e ddgoer Axsta AT F, 4 QA BES 3F wH
=73t JMAE dixske 3% s AAS, o8 P o AWGS destA vl AaRAS

(Pearson correlation coefficient) = 23] o] vt A3A4=(Spearman's rank correlation coefficient)
5 o] &3l Atsta FAHeR HS A

2010} ZRboll= 29 2l 2ol A e HAG g JdAola HEAQ a1l
= YA o]FoJxtt (Dingemanse and Dochtermann, 2013; Nakagawa and Schielzeth, 2010; van de
Pol and Wright, 2009). £3] 20139l Journal of Animal Ecologyol 3% Dingemanse and
Dochtermann (2013) AFolA= ZF 7iAY o8 d5S s 3 H Ank S48 Add ds
AW A A AW(FSAEFT)S e £ T gloka AH G o E B0, 2F5E
lEAZ AY7] wiitol AA= Eug Fo e Ful A ArI7F WA ARt ZF A o
g5 AL A G wep vE2A FdET. oA Al WelA dehvde B3Ee 7R
(within—individual behavioural plasticity) ®&ol, o]J®@ /A9 P=& thEstE ke 1 A g%
= o ¥ wEsA SAHT FH 2 PEY Haow dehdol vk wEbA o AMAE ddem of
H Pss NA ok gkR Ao R SAHEH, JfAIT el YEhe fEe] AA Wole AR
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W (variance partitioning approach)?< o]&38ko] (1)
ZF A Y it s g zbolE &l ‘/}E]r‘/}% Wol, (2) /A Wl veivs s Wolz 773
2 9ok (2¥1). AxAE A 7+ wWHol(among-individual variance), A= A W o] (within-
individual variance)etal gty @A) g Aehstol A= ol g Aol A It Wolrp FAH R
frojulatAl 4ol @ o, 1 FF5S A4 FAojetar dert

. Individual
Behavioural behavioural
Selis a a plasticity
& A
a
b b . ¢
Among-individual b Within-individual
behavioural variance 2 behavioural variance
C
erooe {
¥ d i
g 9 d
Age

a8 1. /MA 7+ 3% zFo](among-individual behavioural variance):= 7HA] mit}h H 3% gk
o] zFolE on|slar, 7HA W 3E o] (within-individual behavioural variance): 70| ol
A g7 Tl BE yolo wEl YEeElgE s zolE owmsttt. 1gla ZF ALl dls W)
E 71e712 Yegd AL WA &% 7FAA (individual behavioural plasticity)olsba 3o}, Z+
gl 2 o2 NAE YEdT.

ojo} & A EHE o]&ste] 2010t FRHTE A 7R A@ AT ofAolA zaE o
AE AFE Fd B2 5F BHRTOA A, BEA, TAA, dEA, AP 5 S 3 &
Aol A zFo]7b dtik= AbAo] vrE A th (Réale et al., 2007). =4 (activity) & T&o] o943l ¥
A gt 11 AgE FARAEAE S SAHE vk B3 S AR T 53
A= Yrlete= @4 (exploration)¥ TEdth (g F2 $4)9 MAE A AY Aw=
Ae AEss ovstes T4 (aggression)®] A5, F AL AA A5 AR FALES SAHEA
U g AT gE JNAE Zob FASE dF 55 S TAAS SAg = ESHA Kl
= A4 34 T shve dgAd =5 3 (boldness)olth. g T2 X2 A o] tjgh wg E=
E2 BAoA Y] A, AR EAC g v T& Fd SAgT 2AA-C wojx EAAE I
e FE A, A Fodtib vig o ® 19 7] 7bA] ¢ ’\]7J, FEAATE Ao w vgrbE
W =77l AFete A v5 T8 dedes SA4se 45Ut AFE] A (sociality)2 &9
E A ek HEek vke-S oujsty, YEY I FA(social network analysis)S o] &34 w@<e
8] v Aeke] AeE S8 S4st71%= @} (Gartland et al., 2022).

SE 47 AT0IM ALBSE T2 Bojet B4 w

oW F=9 dEol A4 FAJA oF-5 WHstelH o JHAE R JHAY] AES v
Lasror Byshs g wolo nxe §473 £ 8473 J9FS Atsts g
g7 AA ®AY 4% W] (phenotypic varlance) T 54 9xel 9 AHHE i Adtets SAW
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T SAHAA e dHeldE ugoer AFS dlof gtk AY qes v g o, 24 JHAl=

o] A& & 4 (W5 EFY behavioural type), Al E Ao w2 o] Wtrt

2 52 of#fjell A A

ii}_ﬁil}l{‘a‘(mmed effects modeD<S &3 WAl 2polo] Fo|dS e 5= vk Iy ow J)

A vtk A BFol FHEA vEW, 1 des A7 Fdolgtn EEth. 1eal dF Bl
3k T dEo] A el AR dAFE % It (FFAE=F behavioural syndrome).

T B, 5= 44 A7 A 4 SHAA 3 gEold & A" M 2 olie 3
T At Edanrde] BEHog AMEH Y] wielth (Bolker et al., 2009; Martin et al.,
2011; Nakagawa and Schielzeth, 2010; Nakagawa and Schielzeth, 2013). =%
AR oR o] HA AP Wols A U tﬂo]i L 44
Etaande A8 Zd(linear model) 543 A FHA0] Hto| JTk
3, fixed effect)o} ag@mtol olsf AW uA &= ?Séé]o v:{}(variance)oﬂ dde T
&3, random effect) & A & 4 Jd= T4 Edoltd (Zuur et al., 2009). wekA =3
ARSI BT EHS FElA A P& Wel(total phenotypic variance) FolA deolazrt A
= o Wo] AE 7 F 7] Wi, B4 Edel ALAte] A(identity, o]t D)= Y&
2 oA A 3 qE WolE 7 4 vk =, off A wHEAQ s Bl A UEhes
A qE WolE 2zt A ID7F A et WolUNAl b AlE Wo)ek JiAle] ID7F A
HolORAl Wl A& WeDE U & vk g SAHSR JiA b As ®elrt
(positive)9] #< YEld o 2 P5S A4 Fdolghar ZshH, 7+ /A= “Ps EFY(behavioural
type)’& HTL olopr|git}. d& Eol, BEAFAVN(Gryllus bimaculatus)s &4, 4748, +
el ol Ax, Al wwm A& &k Fo] dFoA] ID7F AA PFE WHol F AFE FovEHA
A%}t (Han and Dingemanse, 2017). =, AE 7509 72 52 /WAl Zpol7} F3lstal, s
Etqlo] EAgt= Aol

ofl E
o
ol
rir
o
o b
=
o

by
©,
o 1o ol

o %
ol
ol

kR

A AFdAE Ao A gF Wol7b A s WoldA AA| st
(repeatability)o] 2= /W& AFE3t7| % ek B AFtelA WS A S 574
W 54 oF Axs AWsty] e FE AFEHAT a2Ea oud AA AFelA Y vHEAS
Holo Al ZRA g Wolo] et Fao] H &S YERTH weta oW dEe] A4
g = PEo] A T WA 2 Aol vt Eﬁ]xqoi frofm|stAl e g
4 T oW Pz vhEA e 1 3
A (narrow-sense heritability)e] Ftjgto]gt= xqOﬂ/\ Z 931t} (Falconer and Mackay,
1996). =, 7HAl 2+ &5 Zol]7F Avt= A 7} = 7]'”“‘3] e AS e
o webA, FEo] A 7 Aol FwE FI 1 dyEo Az = 9laL, od
gzoll WA 2+ Zpol7F AvkH Aol w gzl A
s ou gt spxvt fE P e wh
ol frofulatAl el #@s Yol fHEe %A @S A% vk wekA, BEAS EdE g
!

T 249 fFARY FYA EE IVE F=IE AL AUFor It} Brommer, 2013;
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5o MA 2+ Aolrt FHH LFY A ofg 3] ofyet=E HE THE Folth © uolrhA,
MA Aol A5 et A= A5 A 3 zxelE wd Bk ofyel, FEo A Ul Aolrt

A% BN (Westneat et al., 2015). 714 W 8% 2po]7F Ath= AL A4 We] d%
ol B4 AZe FTa% 4TS dS s AT &, JIA WelA e A WstE A

7k

nit} oE 2 vk S, JlAv s =38 sidoly 3 mE §YE wkgo] UE 4 vk vol
T 34 ugt g7 ddol g2A yeElde AL WS YA (reaction norm) e 7FAA
(plasticity)e]gtal E&w, o] o] % A g} t=2/ ddH= AL g5 whg

(behavioural reaction norm) ¥+ 3y%7}A A4 (behavioural plasticity)e]2tal St} (17 1).

gl A Well A v @s 7Y JRAl AbelE oW Al ARSI flelA dud &
Faards ol&std, ZF JiAY] IDE o &z FojA HAA s Wold tiE P-sef JHA
HolE & = Q1S Bk ofyz}, o] e 34 ol wel ZF jAIS ID7F o9 whEEteAE
do] af=2 golA s Wl AE(7]&7], slope)el tgt 7HA] WolE 3 % Aot Ax, F2b
o e FAY EFaARAS TR S8, AAE ‘el @9 E¥l(random intercept model)”,
a8 A5 “9de] 7]€7] B9 (random slope model ¥i= random regression model)” o] g}l
£t} (Martin et al., 2011; van de Pol, 2012). 7 Fujjo] w2 35 W3} (slope)ol] WA WHol7} A&
o, ‘S5 sl JiA Welrb duretar oloprlsiAIR, “JiAet 74 he] wszE A
(individual-by-environment interaction effect, IXE)7} €A3c}’'gta®s 4 4 oy (™2,
Nussey et al., 2007). IXE7} A=}t 374 7+9] s 8 & H(gene-by—environment interaction
effect, GXE)9} oj® Ao 9L o]EA tFEX o] thsfA = Nussey et al (2007) =& 1134}

r\l

(a) significant | x E (b) NolxE (c) No | xE
variance sipe > 0 variance sipe ~ 0 variance sepe ~ 0
g
(@]
[&]
3 \
5 \
>
(]
B o
: \
m

Environmental gradient

ayg 2. A FEs 7tAA HA"e] wE JjAe #874 kel wE F-8-(individual-by-environment
interaction, IXE) &¥}. (a) IXE7} SA13H, 874 o] w2 d5 74 7171 7NAl 2pol 7k 5
g Zg-oltt (b,c) IXEZF EAEHA] g=vbd, 37 Falo] e s 7t 71&7]ed JiA Aol 7t
e 7450l

AA FEel A 49 71&7] BdellA = 71&7]e] /WAl Aol b ot Aud 71E&7] bl
JEAE AE 5= 2tk (Nussey et al., 2007). ©|& AF38H7] YA, dH3} 7187)

F7tete] oS AHE = A o] FEAHcovariation)e] f2olAd

= A JHAC] 712717F 3 el el HA Wrke REQIA (2" 3b), e aHske YS!
(193a). wkef "y o] Frbol wel 7]1&7)7F st A 7187)9 FEA

ol frojmstAl &9 @k "ot 2 AA Y] AFol et sloper FHIE EES HH, A dF
ztol= A o] el FolEE EES HRUE (1¥3a). whdel "9 Frtel whEt slopek® F7t
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ol

t g2atol FolvetAl Fol e ", 24 JhAle] #Eol R slope= HA Whs EEE H
W, ZHAe] @E Aol &4 el wel Sbeks BEs HQlY (Z™3b). F, olHd 24s

A BEFHow ofd @5 FuetA wAs: AAF 28A e A e o| A% sy

X
N]I

HOEAE 5T 4 Atk EE 87 Pl wek @B AA B Aolrk o 9A kA &
% 9l

(a) Behaviour 1
Variance o (Variance weweps ) > 0
Tean. Variance ssee. > 0
a .
- Covariance mesressdops < 0

]

S a

7 B

: e

E e

< L ETC

@ ¢ P d- (c) Behavioural syndrome

d-d
Age - a
3
2 b
o
T
(b) Behaviour 2 m (d
a d
.a R

U _.-ﬂ"

‘6 ""b"““'b““"'b'""""“" Behavi p

g B ehaviour 2

3 L.

s R,

" [l

g ﬂ- Variance o (Variance wtercept: ) > 0

Trehe Variance s > 0
U""--.d_“‘ Covariance meres: dopes > 0
Age

a9 3. AFAEEF. F FE(1,2) BF WA Zol7b FEEkal (Variancep > 0), E10] =7
BAE = NMALTSF P2 =4 ST, F P& ole= Fovs A 3 B AR
(among-individual behavioural correlation)®] Jttxr &3al™, o]= (¢) PFA =% (behavioural
syndrome)< ojm|gtt}, 3t (a) 512 A s 7taA 71L77F FHEE BEH5S Hol7] o
T't_]_—oﬂ interceptg}' SlODeﬂg] %%&(COVaI‘ial’lceinterceptsfslopes)o] %9] %)\'"% %E]' Eﬂ'td, (b) A2
MA s 7R 718717 HAUIME EES Heolr] Wi ARy 7]&7] e FEAte]

ol ghe A, 7 24 Ave A= be AAE dei,

rr

[0

oAE 59, 4F v (Parus major)E WS Yold mE FAA WHIE A B AFtoA,
dA ] FAL MA@ (Digercept effect), A2 Yol7F EHA Ao oA A2 s
Ert opue} sk 7127l ARAl Abel®= 9A T (IDsiope effect, Table 4 in Thys et al., 2021). 5
sk Aol FA2 Aol(intercept)ef Hhololl wE 7]&7I(slope)ite] AAALE AHHEYS o, 1 gk

Ho
o
=)

3]'7“ '105‘9] %)\—% EE]%D]' (Covintercepts—slopes, Table 4 in Thys et al., 2021). é, Oi%i% Lﬂ] Eﬂ

ol WA= wel7k WA A FaFo]l e Flvs Aot
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FFAEF. AA s WolE JHA I/ WHol® Rt AT, 1dF
APAHE AA 7+ A¥A(among-individual correlation)® ZHA W A #A (within-individual
correlation) &&= iz = Ut} o] FolA, 7HAl 3 e ARAS WAF PF A=Folgar Ty
(LH30). woF 7} JRAlY] Aes W A SA4A o e 3H ARds FEuH, A A
Al Zpo] wfitel] 7 A @S AEe] JHA I AE AgE] g o glvh g T ods
Zkzkol Al 2+ Wol(IEahet F AE He] JhAl 2F R4S o] &ste] dls 1 Al 1 AR E T
e 4 Qdar, o] ko] A one] PFAE=Fo
2012). & 59, vt A9 AFo Ast= UL TFA ol (Gerris grac/]fcomis)oﬂfﬂ-t— g}
Jablonski, 2019). =, ©f &&slA &4

Han and
A5 o)F £ Hol} e Roz HFHow Get dEe 43e ngn

5
Ay
=2
x
o
o2

i
o

—

Ft} (Dingemanse et al., 2010a; Dingemanse et al.,

_ COVINDx,INDy (1)

15 =
IND JVINDx VINDy

Vinpx VIND VExVE
p erND\/_x—y+rE X (2)

Vpx VPy VPxVPy
BRI @A, Vo= e A BAY FE 8o, Yy BE A 1 el v 3
o] ANA W el coviyp = MA M e T odE ke FEabs mdith AN @AM &
T kel B A F ABG(nyp, BEAEF)O] Bl 2HY T ABAel Vs A=
O AE A7) WA (UR)e) 7)8) it (geometric mean)el oja] @glth. Z, F A%l A
P

B -
b Zpol7b FEEA WA ghol U, 7 dE kel A 3 A grol R8E e A

73 v sa) A

)
Q2
i
ox,
o
fo
=2
k1
N
==
2
=

oA Wsh7b B e 9 Jed P9
= AS, FE5A9 ey FAE AAZ g9E g Hl
B4 FAe Azl wE Ald gl T gAbE
42 g5 Aol A delA Wshrt & FAe|r|= st w
ghA oleje A 2 g Ay AEE ARdE AL dolx AR tFH FRE 1
of 3t} o2 So], HEAFHY(Gryllus bimaculatus)s Ao 2 3 AFoA 72 AFen o &
FAS} B2 4 ke ARAE AMEES wl, A FEAA F FAS Fo] wWgo R wjg e Av
s B (r,ND(SE) 0.43 (0.17), Tuni et al., 2018). &, &
2 AAE e SR AN T A 7he] A i A#Ade FovetA] &k} ((SE)
= —0.02( .04), Tuni et al.,, 2018). =, 7AAI7F w7 A7F Bol WUzt gell A=} 47 @AY 52 A&
wolx] erokthi= Zlolth wekA] A 7 ARAFLS g FH
o= 4 n) kA gk7] wiitel, BdE FEolAY BRAL AR ke AR A
At 2@y o ARAdL A FEe Al vlE o gtk (p(SE) = 0.08
Tuni et al., 2018).
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HHE S-S S8 A 2 JNA U HelE FES Holl AddAds AAteof st 53] e PdE
A A (Y, AAAATE ) A oA AdsE, AL (pace-of-life)ol] wz} th&
go] el ¢ gt (WA} £% A2 pace-of-life syndrome, Dammhahn et al., 2018;

Reéale et al., 2010; Ricklefs and Wikelski, 2002). ¢]&{gt LA} L5 AEFS F3taiA; gHpH, 7

Aetet W 549 g5 FA JfAve gk WA SA89 A FA 3o A Ak oF gk

wep ol e JRAl F, JHAl W ZpolE FESHA Bl Fe-AEA FH Y ARE S AT

I AL s 23S 39 oI (phenotypic correlation) . EZA A 7+ A FLESHA

Mo gt o E S0, FrEAns e =t RS dFow  AFelA JHA] FEellA w
J

v
gﬂ

544 Py 43 @ W 549 AGANEAY $& & PP e dudes A
TdY FEo AL -0.08 (SE=0.07)0l%em, A F A@AE -0.06 (SE=0.10)0.2 <F7+9]

2ol 7F 9d2lth (Han and Yang, 2021). webA a5o] thsh zped Al e
o] WolE /A FH/W FFoR FEEe] BAS Hdgs A2 Y) ) (Dingemanse et al., 2021a).

52 M7 ¥7 AEe B =uY

agvd 3 B, JHA f‘fﬂ% 7, dEegs ATk S E oW AY tAdlew
SAdor 717 94, o2 AE B5& RHESA SA ok g

AN wHy S48 FaA olw 83%01 44 ‘oéli dH AT stk $5 Aol 2 FeS
A A FAolgal AAAY tE AFIe] ABEES FEte

AL axE ol wE A4S S A A, HA dF WoldA AA 1+ BF Aol= 40%,
AA W s 2Fol= 60%F k= oA (Bell et al., 2009), o] 35 /HA 7+ 2pol7} F-3 &t}
L a2 gss ¢ ie S349s we o AV dehde 2 AEe diEgS Az vgskA &
ek ojd alFo] A FAJA oR7F AFHAGHE, 1 Hl & A
2 gAdxo A 7 ABAL Pk 59 A4y dad F5 AFE WY

=]

=
Foiwl, JlEd] 47 FAoldn WHA PEEE Al US4 Ba WelE nEHoR TR

e
é".:
o,
[o
:I:‘4
2
o
a
:L

aggd dupyg w2 AE dideE, @ W wEEsA SAeE @712 old dlEiA =
Dingemanse and Dochtermann (2013)o A A A3 AAH B (power analysis)S Zarstd ¢} @
A3 w2 MAE e R o vE 54 4E = F

H

S AN AR o P FolA T4 AE,

F

rlo
_V&

o

o oX,
=)
Sl

Ag gz d5s F437] o8 drde 42 9 MAE o=z s vty
o] @o] 57 oF 3t} (Dingemanse and Dochtermann, 2013). ¥H|2 W& JAE gato s
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Title: An empirical guide for studying animal personality: concepts and statistical methods

Abstract: Personality trait is defined when individuals differ in their average behaviour. During the
past decade, personality evidence has been accumulating in many animal taxa. Statistical methods
for animal personality have also been constantly developed. Basically, animal personality research
involves individual-level repeated measures of behaviour with a relatively long inter-test interval.
Mixed-effects models based on repeated measures data can partition phenotypic-level behavioural
(co)variation into multiple hierarchical levels, allowing the calculation of key concepts in animal
personality. However, there are nevertheless a number of personality studies based on
inappropriate study designs and statistical analyses. Thus, I provide an empirical guide to quantify
key elements in animal personality such as behavioural types, individual behavioural plasticity or
behavioural syndromes. I hope that this review helps researchers avoid using inappropriate study

designs and statistical analyses when addressing questions concerning animal personality.
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