
 MRGHOLQJ WKH VSUHaG RI YaFFLQaWLRQ EHOLHIV aQG EHKaYLRUV 

 WKURXJK WKH OHQV RI FXOWXUaO HYROXWLRQ 

 E\ 

 KHUUL-AQQ M. AQGHUVRQ 

 DLVVHUWaWLRQ 

 SXEPLWWHG WR WKH FaFXOW\ RI WKH 

 GUaGXaWH SFKRRO RI VaQGHUELOW UQLYHUVLW\ 

 LQ SaUWLaO IXOILOOPHQW RI WKH UHTXLUHPHQWV 

 IRU WKH GHJUHH RI 

 DOCTOR OF PHILOSOPHY 

 LQ 

 BLRORJLFaO SFLHQFHV 

 AXJXVW 11, 2023 

 NaVKYLOOH, THQQHVVHH 

 ASSURYHG: 

 KaWKHULQH FULHGPaQ, PK.D., CKaLU 

 NLFROH CUHaQ]a, PK.D., AGYLVRU 

 JRKQ CaSUa, PK.D. 

 AQQ TaWH, PK.D. 

 GOHQQ WHEE, PK.D. 



CRS\ULJKW � 2023 KeUUL-AQQ M. AQdeUVRQ
AOO RLJKWV ReVeUYed

Nicole Creanza
ii



TABLE OF CONTENTS

LIST OF TABLES««««««««««««««««««««««««««««««.Y

LIST OF FIGURES«««««««««««««««««««««««««««««..Yi

CHAPTER 1. INTRODUCTION.................................................................................................1
TKe LQWeUSOa\ beWZeeQ cXOWXUe aQd dLVeaVe................................................................................ 1
IQWeUYeQWLRQV WR SUeYeQW dLVeaVe VSUead befRUe YaccLQeV........................................................... 2
T\SeV aQd VRXUceV Rf YaccLQe KeVLWaQc\.....................................................................................5
MaWKePaWLcaO PRdeOV Rf dLVeaVe d\QaPLcV................................................................................7
MaWKePaWLcaO PRdeOV Rf SRSXOaWLRQ beKaYLRUV.......................................................................... 8
BeKaYLRU±cKaQJe PRdeOV aQd PRdeOV Rf cXOWXUaO eYROXWLRQ LQ WKe cRQWe[W Rf dLVeaVe............ 10
ReVeaUcK ALPV aQd DLVVeUWaWLRQ SWUXcWXUe.............................................................................. 12

CHAPTER 2.
A CULTURAL EVOLUTIONARY MODEL OF THE INTERACTION BETWEEN
PARENTAL BELIEFS AND BEHAVIORS, WITH APPLICATIONS TO VACCINE
HESITANCY................................................................................................................................ 14

IQWURdXcWLRQ..............................................................................................................................15
MeWKRdV....................................................................................................................................18

A JeQeUaOL]ed fUaPeZRUN fRU PRdeOLQJ WKe LQWeUacWLRQV beWZeeQ beOLefV aQd beKaYLRUV.. 18
MRdeOLQJ WKe LQWeUacWLRQV beWZeeQ YaccLQe-UeOaWed beOLefV aQd YaccLQaWLRQ beKaYLRUV.... 23

ReVXOWV......................................................................................................................................27
TePSRUaO d\QaPLcV Rf YaccLQe-UeOaWed beOLefV aQd beKaYLRUV........................................... 28
PaUeQW-WR-OffVSULQJ IQWeUacWLRQV (SLPXOaWLRQV ZLWK YeUWLcaO WUaQVPLVVLRQ RQO\)...............30

VaccLQaWLRQ cRYeUaJe LQcUeaVeV aV YaccLQe cRQfLdeQce WUaQVPLVVLRQ LV PRUe OLNeO\... 30
CRQfLdeQce WUaQVPLVVLRQ dRPLQaWeV WKe YaccLQaWLRQ cRYeUaJe aQd cRQfLdeQce SaWWeUQV
aW eTXLOLbULXP...............................................................................................................33
CXOWXUaO VeOecWLRQ deWeUPLQeV WUaLW eTXLOLbULXP OeYeOV aW fL[ed cRQfLdeQce WUaQVPLVVLRQ
SURbabLOLWLeV..................................................................................................................35

OffVSULQJ caQ cKaQJe WKeLU LQKeULWed KeVLWaQc\ VWaWe (YeUWLcaO d\QaPLcV aQd cRPPXQLW\
LQfOXeQceV)..........................................................................................................................37

CRPPXQLW\ LQfOXeQceV e[SaQd WKe SRO\PRUSKLc VSace aW PRdeUaWe cRQfLdeQce
WUaQVPLVVLRQ................................................................................................................. 38
CRPPXQLW\ LQfOXeQceV UedXce eTXLOLbULXP YaOXeV aW cRQVWaQW cRQfLdeQce
WUaQVPLVVLRQ................................................................................................................ 40
MRdXOaWLQJ WKe LQfOXeQce Rf SaUeQWaO WUaLWV UeYeaOV XQcRXSOLQJ Rf WUaLW eTXLOLbULXP
fUeTXeQcLeV................................................................................................................... 42

CXOWXUaO VeOecWLRQ PRdXOaWeV WKe effecW Rf KRPRSKLO\ RQ eTXLOLbULXP RXWcRPeV.............. 43
DLVcXVVLRQ................................................................................................................................45

CXOWXUaO SaUaPeWeUV SUedLcW fXWXUe YaccLQaWLRQ cRYeUaJe aQd YaccLQe cRQfLdeQce............46

Nicole Creanza
iii



PRVLWLYe SeUceSWLRQ Rf WKe YaccLQe LV VXffLcLeQW WR PaLQWaLQ YaccLQaWLRQ cRYeUaJe............46
LLPLWaWLRQV Rf WKe PRdeO....................................................................................................47
FXWXUe E[SORUaWLRQV............................................................................................................49
RecRPPeQdaWLRQV..............................................................................................................50

CHAPTER 3.
INTERNAL AND EXTERNAL FORCES AFFECTING VACCINATION COVERAGE:
MODELING THE INTERACTIONS BETWEEN VACCINE HESITANCY,
ACCESSIBILITY, AND MANDATES...................................................................................... 51

IQWURdXcWLRQ..............................................................................................................................52
MeWKRdV....................................................................................................................................55

GeQeUaO FUaPeZRUN Rf WKe MRdeO......................................................................................55
PaUaPeWeUL]aWLRQ fRU CRPSXOVRU\ VaccLQaWLRQ aQd VaccLQe IQacceVVLbLOLW\ SLPXOaWLRQV. 59

ReVXOWV......................................................................................................................................60
CRPSXOVRU\ VaccLQaWLRQ aQd VaccLQe IQacceVVLbLOLW\....................................................... 60
CRPSXOVRU\ YaccLQaWLRQ Pa\ LQcUeaVe YaccLQaWLRQ cRYeUaJe aW WKe e[SeQVe Rf cRQfLdeQce,
ZKLOe YaccLQe LQacceVVLbLOLW\ SURPRWeV cRQfLdeQce........................................................... 64
VaccLQaWLRQ aQd cRQfLdeQce fUeTXeQcLeV aUe PRUe YaULabOe ZKeQ RffVSULQJ beOLefV aUe
PRUe OLNeO\ WR dLffeU fURP WKeLU SaUeQWV¶ beOLefV.................................................................65
CKaQJLQJ WKe UeOaWLRQVKLS beWZeeQ YaccLQaWLRQ cRYeUaJe aQd cXOWXUaO VeOecWLRQ caQ aOWeU
YaccLQaWLRQ beKaYLRU ZKeQ WKe YaccLQe LV acceVVLbOe........................................................ 68

DLVcXVVLRQ................................................................................................................................69
CHAPTER 4.
EXPLORING THE EFFECTS OF CULTURAL TRANSMISSION AND
DECISION-MAKING BIASES ON THE ACCEPTANCE OF NOVEL VACCINES..........74

IQWURdXcWLRQ..............................................................................................................................74
MeWKRdV....................................................................................................................................77

DLVeaVe TUaQVPLVVLRQ.........................................................................................................78
VaccLQaWLRQ.........................................................................................................................79
AWWLWXde TUaQVLWLRQ............................................................................................................. 81
HRPRSKLO\......................................................................................................................... 84

ReVXOWV......................................................................................................................................85
TePSRUaO AQaO\VLV aQd HRPRSKLO\ EffecWV....................................................................... 85
SeQVLWLYLW\ AQaO\VLV........................................................................................................... 87

DLVcXVVLRQ................................................................................................................................92
CHAPTER 5. DISCUSSION...................................................................................................... 95
REFERENCES...........................................................................................................................101
APPENDIX.................................................................................................................................126

SXSSOePeQWaU\ Te[W............................................................................................................... 126
SXSSOePeQWaU\ TabOeV............................................................................................................131
SXSSOePeQWaU\ FLJXUeV.......................................................................................................... 135

Nicole Creanza
iv



LIST OF TABLES

Table 2.1: List of parameters, their definitions, and defaXlt or initial YalXes........................ 20
Table 2.2: Presence (+) and absence (±) sXbscript assignments...............................................22
Table 3.1: List of parameters, their definitions, and baseline YalXes...................................... 59
Table 3.2: Change from Baseline EqXilibriXm FreqXencies.................................................... 64
Table 4.1: Parameters and initial conditions, Zith citations Zhen YalXes Zere informed b\
the literatXre................................................................................................................................. 78

https://docs.google.com/document/d/1EUzrigekGTJQ8sGuqAzxu2A4L8sqGFY7QlQNFSzmRLY/edit%23heading=h.jrtgecys6qql
https://docs.google.com/document/d/1EUzrigekGTJQ8sGuqAzxu2A4L8sqGFY7QlQNFSzmRLY/edit%23heading=h.zg3d0ockfq3p
https://docs.google.com/document/d/1EUzrigekGTJQ8sGuqAzxu2A4L8sqGFY7QlQNFSzmRLY/edit%23heading=h.s1sby7nl1mcb
https://docs.google.com/document/d/1EUzrigekGTJQ8sGuqAzxu2A4L8sqGFY7QlQNFSzmRLY/edit%23heading=h.57cnvdyea2s9
https://docs.google.com/document/d/1EUzrigekGTJQ8sGuqAzxu2A4L8sqGFY7QlQNFSzmRLY/edit%23heading=h.p3aep7zhuf3l
https://docs.google.com/document/d/1EUzrigekGTJQ8sGuqAzxu2A4L8sqGFY7QlQNFSzmRLY/edit%23heading=h.p3aep7zhuf3l
Nicole Creanza
v



LIST OF FIGURES

FigXre 2.1: CXltXral selection coefficient fXnction....................................................................25
FigXre 2.2: AttitXde transition probabilit\ fXnction (³Herd-immXnit\-driYen hesitanc\´).27
FigXre 2.3: EqXilibriXm freqXencies are determined b\ the parameter space, not b\ initial
freqXencies.................................................................................................................................... 29
FigXre 2.4: Temporal effects of confidence transmission......................................................... 30
FigXre 2.5: Vaccination coYerage leYels are determined b\ an interaction betZeen
confidence transmission and Yaccination probabilit\.............................................................. 32
FigXre 2.6: Vaccine confidence transmission dictates Yaccination coYerage and confidence
leYels.............................................................................................................................................. 34
FigXre 2.7: CXltXral selection inflXences Yaccination coYerage and Yaccine confidence...... 36
FigXre 2.8: Vaccine confidence transmission dictates Yaccination coYerage and confidence
leYels (Zith herd-immXnit\-driYen hesitanc\)...........................................................................39
FigXre 2.9: CXltXral selection inflXences Yaccination coYerage and Yaccine confidence (Zith
herd-immXnit\ driYen hesitanc\)............................................................................................... 41
FigXre 2.10: The inflXence of parental traits on Yaccination coYerage and Yaccine
confidence at different leYels of cXltXral selection.................................................................... 42
FigXre 2.11: Homophil\ betZeen indiYidXals Zith similar Yaccine beliefs can shift
eqXilibriXm freqXencies of both Yaccination coYerage and confidence.................................. 45
FigXre 3.1. WorkfloZ of a single iteration of the model........................................................... 58
FigXre 3.2: E[ternal factors (Yaccine mandates and Yaccine scarcit\) decoXple eqXilibriXm
leYels of Yaccine confidence from Yaccination coYerage...........................................................62
FigXre 3.3: Vaccine mandates and inaccessibilit\ driYe different distribXtions of both
Yaccination coYerage and Yaccine confidence............................................................................63
FigXre 3.4: Increasing mandate strictness and increased cXltXral selection driYe Yaccination
coYerage........................................................................................................................................ 67
FigXre 3.5: Vaccine inaccessibilit\ redXces Yaccination coYerage despite high leYels of
Yaccine confidence........................................................................................................................68
FigXre 4.1: Vaccination Probabilit\ FXnctions..........................................................................81
FigXre 4.2: AttitXde Transition Probabilit\ FXnctions.............................................................83
FigXre 4.3: Description of the effect of the inflXencer on folloZer attitXde transition..........84
FigXre 4.4: Temporal anal\sis of trait d\namics Zith homogeneoXsl\ biased popXlation....86
FigXre 4.5: Temporal anal\sis of trait d\namics Zith heterogeneoXsl\ biased popXlation.. 87
FigXre 4.6: Confidence freqXencies remain stable as Yaccination Xptake is affected b\
infection probabilities in a popXlation Zith heterogeneoXs decision-making biases............. 89
FigXre 4.7: Confidence and Vaccination d\namics are sensitiYe to initial confidence in a
homogeneoXsl\ conformist popXlation...................................................................................... 91

https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.i2x6hlcr5ldf
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.1tmuqyz4kuy8
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.2pfm6zqhpepb
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.2pfm6zqhpepb
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.9dbonip9g1r8
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.axb7ehtj5tuk
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.axb7ehtj5tuk
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.dghrnd5v445
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.dghrnd5v445
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.643lcjh5d8x0
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.6m1tjwkuf7nc
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.6m1tjwkuf7nc
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.dyru1ldh4sl
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.dyru1ldh4sl
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.ord3x47p1ozc
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.ord3x47p1ozc
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.994p14eaog5
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.994p14eaog5
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.w9d4iny9delg
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.nj94nthxiu4o
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.nj94nthxiu4o
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.ru2epir8l6vj
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.ru2epir8l6vj
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.xgxbxqnoiy0v
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.xgxbxqnoiy0v
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.3geg5tmikq0i
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.3geg5tmikq0i
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.1t8vp2b0jb2j
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.4zx693n35444
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.5919fi3gmpma
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.dxzu78soohva
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.u5cuyj5aet2m
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.vz55w37l04qb
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.vz55w37l04qb
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.uj46vq8lluy
https://docs.google.com/document/d/1dtkicXVpl3nerGLzhBJrGHpyj_mu-CLSMX5xm42_X1Y/edit%23heading=h.uj46vq8lluy
Nicole Creanza
vi



CHAPTER 1. INTRODUCTION

The iQWeUSOa\ beWZeeQ cXOWXUe aQd diVeaVe

HeaOWK-UeOaWed KXPaQ beKaYLRUV, LQcOXdLQJ dLVeaVe-WUaQVPLWWLQJ aQd SUeYeQWaWLYe KeaOWK

beKaYLRUV, aUe LQfOXeQced b\ WKe ZLdeU cXOWXUaO OaQdVcaSe, aQd WKXV aUe VXbMecW WR cXOWXUaO

eYROXWLRQ²WKe WUaQVPLVVLRQ aQd cKaQJe Rf cXOWXUaO WUaLWV RYeU WLPe (LXLJL LXca CaYaOOL-SfRU]a

aQd FeOdPaQ 1981). FRU e[aPSOe, WKe BXbRQLc POaJXe WKaW UaYaJed EXURSe dXULQJ WKe eaUO\ 14WK

ceQWXU\ ZaV LQWURdXced WR YaULRXV UeJLRQV aV a UeVXOW Rf LQcUeaVed WUade acURVV EXUaVLa (RaRXOW eW

aO. 2013; DaYLV 1986). TKe VSUead ZaV fXUWKeU facLOLWaWed b\ WKe KRXVLQJ aQd K\JLeQLc SUacWLceV

Rf WKe WLPe²LW ZaV cRPPRQSOace LQ EXURSe fRU SeRSOe WR VKaUe OLYLQJ VSaceV ZLWK OLYeVWRcN, aQd

KRXVeV ZeUe bXLOW ZLWK WKaWcKed URRfV (SKUeZVbXU\ 2005). TKeVe beKaYLRUV SURYLded a bUeedLQJ

JURXQd fRU WKe UaWV WKaW caUULed WKe fOeaV WKaW acWed aV SOaJXe YecWRUV, aQd SURYLded WKeVe fOeaV

ZLWK eaV\ acceVV WR KXPaQ aQd aQLPaO KRVWV (RaRXOW eW aO. 2013). A ZeOO-NQRZQ e[aPSOe Rf

cXOWXUaO SUacWLceV affecWLQJ bRWK WKe SUeYaOeQce Rf LQfecWLRXV dLVeaVe aQd WKe VeOecWLRQ SUeVVXUe RQ

a JeQeWLc WUaLW LV WKe OLQN beWZeeQ faUPLQJ SUacWLceV LQ ceQWUaO AfULca, WKe SUeYaOeQce Rf PaOaULa,

aQd WKe LQcLdeQce Rf VLcNOe-ceOO dLVeaVe. WaWeU-LQWeQVLYe faUPLQJ SUacWLceV e[SaQded a bUeedLQJ

JURXQd fRU Anopheles gambiae, WKe YecWRU fRU WKe PaOaULa SaUaVLWe (WLeVeQfeOd 1967). IQcUeaVed

SUeYaOeQce Rf PaOaULa dURYe VeOecWLRQ fRU WKe SURWecWLYe SKeQRW\Se fRXQd LQ KXPaQV ZLWK RQe

cRS\ Rf WKe VLcNOe-ceOO aOOeOe. (DXUKaP 1982; K. N. LaOaQd, OdOLQJ-SPee, aQd FeOdPaQ 2000;

WLeVeQfeOd 1967). AQRWKeU e[aPSOe Rf a dLVeaVe OLQNed WR a cXOWXUaO SUacWLce LV KXUX, a faWaO

QeXURdeJeQeUaWLYe dLVeaVe fRXQd RQO\ LQ WKe FRUp SeRSOe aQd WKeLU LPPedLaWe QeLJKbRUV LQ WKe

ONaSa DLVWULcW Rf WKe EaVWeUQ HLJKOaQdV PURYLQce Rf PaSXa NeZ GXLQea (AOSeUV 2008). TKLV

dLVeaVe LV WUaQVPLWWed YLa WKeLU PRUWXaU\ SUacWLce Rf cRQVXPSWLRQ Rf WKe bRd\ Rf a dead SeUVRQ,

LQcOXdLQJ WKe LQfecWed bUaLQ WLVVXe, SaUWLcXOaUO\ b\ fePaOe UeOaWLYeV aQd WKeLU cKLOdUeQ, UeVXOWLQJ LQ

WKe KLJK SUeYaOeQce Rf WKe dLVeaVe LQ ZRPeQ aQd cKLOdUeQ.

AORQJVLde dLVeaVeV, SUeYeQWaWLYe KeaOWK SUacWLceV caQ aOVR VSUead beWZeeQ SeRSOe aQd

affecW KeaOWK RXWcRPeV. FRU e[aPSOe, cXOWXUaOO\ LQWeJUaWed SUacWLceV VXcK aV KaQd ZaVKLQJ aQd

UeJXOaU baWKLQJ KaYe Oed WR a UedXcWLRQ LQ dLVeaVe bXUdeQ (VeUPeLO eW aO. 2019; LaQJfRUd, LXQQ,

aQd PaQWeU-BULcN 2011; HaYeUVWLcN eW aO. 2017), aQd YaccLQeV aUe eVWLPaWed WR cXUUeQWO\ SUeYeQW

abRXW fLYe PLOOLRQ deaWKV SeU \eaU (CaUWeU eW aO. 2021). AV I ZLOO dLVcXVV, aQWL-YaccLQe VeQWLPeQWV

aUe baVed LQ aVSecWV Rf cXOWXUe, VXcK aV UeOLJLRQ, aQd YaOXeV, VXcK aV SeUVRQaO OLbeUW\ (JacNVRQ

1969). AOVR, WKe UeceQW XQe[SecWed aQd VeePLQJO\ LOORJLcaO VKLfW LQ YaccLQaWLRQ beOLefV aQd

1

https://paperpile.com/c/PPmoaU/CLxT6
https://paperpile.com/c/PPmoaU/CLxT6
https://paperpile.com/c/PPmoaU/eeLEe+T0vAZ
https://paperpile.com/c/PPmoaU/eeLEe+T0vAZ
https://paperpile.com/c/PPmoaU/Rt3qL
https://paperpile.com/c/PPmoaU/eeLEe
https://paperpile.com/c/PPmoaU/lfIqE
https://paperpile.com/c/PPmoaU/OXM4C+BfZ74+lfIqE
https://paperpile.com/c/PPmoaU/OXM4C+BfZ74+lfIqE
https://paperpile.com/c/PPmoaU/hxXtG
https://paperpile.com/c/PPmoaU/TUJrw+UeLkf+YcUgr
https://paperpile.com/c/PPmoaU/TUJrw+UeLkf+YcUgr
https://paperpile.com/c/PPmoaU/HP6d6
https://paperpile.com/c/PPmoaU/AC4T3
https://paperpile.com/c/PPmoaU/AC4T3
Nicole Creanza
ii



beKaYLRUV WRZaUdV KeVLWaQc\ LQ WKe UQLWed SWaWeV VXJJeVW WKaW WKeUe aUe RWKeU facWRUV LQ SOa\

beVLdeV aQ XQdeUVWaQdLQJ Rf YaccLQe beQefLWV. VaccLQaWLRQ SUacWLceV, WKeUefRUe, cRXOd be

cRQVLdeUed cXOWXUaOO\ PRWLYaWed beKaYLRUV. IQ facW, VeYeUaO aXWKRUV (SWUeefOaQd, CKRZdKXU\, aQd

RaPRV-JLPeQe] 1999; de FLJXeLUedR eW aO. 2020) XVe WKe WeUP ³ORcaO YaccLQaWLRQ cXOWXUeV´ WR

deVcULbe WKe VKaUed beOLefV aPRQJ LQdLYLdXaOV ZLWKLQ a cRPPXQLW\ abRXW YaccLQe-SUeYeQWabOe

dLVeaVe eWLRORJ\, SUeYeQWLRQ, aQd WUeaWPeQW. VaccLQaWLRQ cXOWXUe, ZKLcK caQ be VKaSed b\ WKe

OaUJeU cXOWXUaO OaQdVcaSe, caQ affecW aQ LQdLYLdXaO¶V YaccLQe aWWLWXdeV aQd decLVLRQV. TKeUefRUe, LW

LV fLWWLQJ WR XVe cXOWXUaO eYROXWLRQaU\ PRdeOLQJ fUaPeZRUNV WR PRdeO YaccLQaWLRQ beKaYLRU.

HRZeYeU, aV I deVcULbe beORZ, PRVW KeaOWK-UeOaWed PRdeOV aQd YaccLQaWLRQ beKaYLRUV dR QRW

accRXQW fRU cXOWXUaO eYROXWLRQaU\ d\QaPLcV aQd aUe WKXV OLNeO\ WR PLVV LPSRUWaQW LQfOXeQceV

affecWLQJ dLVeaVe WUaQVPLVVLRQ.

IQWeUYeQWiRQV WR SUeYeQW diVeaVe VSUead befRUe YacciQeV

HXPaQ SRSXOaWLRQV KaYe cReYROYed ZLWK YaULRXV SaWKRJeQV WKaW LQfecW WKeP. AV a UeVXOW,

KXPaQ SRSXOaWLRQV KaYe eYROYed SK\VLRORJLcaO defeQVeV²L.e., LQQaWe aQd adaSWLYe LPPXQe

UeVSRQVeV²aV ZeOO aV SUeYeQWLYe KeaOWK SUacWLceV, bRWK Rf ZKLcK eQabOe LQdLYLdXaOV WR fLJKW WKeVe

LQfecWLRQV. OccaVLRQaOO\, KRZeYeU, aV SaWKRJeQV eYROYe aQd YecWRUV adaSW, SRSXOaWLRQV aUe

e[SRVed WR QRYeO LQfecWLRQV WKaW eYade WKeVe SUeYeQWaWLYe PeaVXUeV aQd LPPXQe UeVSRQVeV; WKLV

cRXOd UeVXOW LQ dLVeaVe RXWbUeaNV ZLWK WKe SRWeQWLaO WR VSUead ZLdeO\²SRVVLbO\ UeVXOWLQJ LQ a

SaQdePLc²RU WR UePaLQ SeUVLVWeQWO\ (L.e. becRPe eQdePLc) LQ ceUWaLQ UeJLRQV (RacaQLeOOR 2004).

IQfecWLRXV dLVeaVe RXWbUeaNV aQd eQdePLc dLVeaVe aUe QaWXUaOO\ UecXUULQJ SKeQRPeQa WKaW KaYe

beeQ VKaSLQJ SRSXOaWLRQV aQd cXOWXUeV WKURXJKRXW KXPaQ KLVWRU\ (LedeUbeUJ 2000; MRUeQV 1998;

MRUeQV, FRONeUV, aQd FaXcL 2004). AORQJVLde eQdePLc dLVeaVe, WKeUe KaYe beeQ abRXW 20

UecRUded SaQdePLcV WR daWe, fURP WKe JXVWLQLaQ POaJXe LQ 541 AD WR WKe cXUUeQW COVID-19

SaQdePLc (PLUeW aQd BRLYLQ 2020). EQdePLc dLVeaVe aQd ePeUJLQJ LQfecWLRQV cRQWLQXe WR be a

cRQceUQ acURVV WKe ZRUOd aV KXQdUedV Rf WKRXVaQdV WR PLOOLRQV dLe eacK \eaU aV a UeVXOW Rf

LQfecWLRXV dLVeaVe (CDC-CeQWeUV fRU DLVeaVe CRQWURO aQd PUeYeQWLRQ 2009; E[cOeU eW aO. 2021).

VaccLQeV aUe a UeOaWLYeO\ UeceQW deYeORSPeQW RQ WKe WLPeVcaOe Rf KXPaQ-dLVeaVe

LQWeUacWLRQV. PULRU WR YaccLQeV, cRPPRQ SUacWLceV WR SUeYeQW LOOQeVV aQd dLVeaVe-VSUead LQcOXded

TXaUaQWLQe²WKe deWeQWLRQ aQd VeJUeJaWLRQ Rf VXbMecWV VXVSecWed WR caUU\ a cRQWaJLRXV dLVeaVe

(GeQVLQL, YacRXb, aQd CRQWL 2004), UeVWULcWLRQV RQ JaWKeULQJV, aQd LVROaWLRQ PaQdaWeV RU

ORcNdRZQV (MRUeQV, TaXbeQbeUJeU, aQd FaXcL 2021). QXaUaQWLQeV fRU VaLORUV, fRU e[aPSOe, ZeUe
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LPSOePeQWed aW SRUWV beJLQQLQJ LQ 1377 WR cRPbaW WKe SOaJXe LQ EXURSe, aQd LQ 1423 a dedLcaWed

SOaJXe KRVSLWaO (la]aretto) ZaV RSeQed LQ VeQLce RQ aQ LVOaQd VeSaUaWed fURP WKe cLW\ (TRJQRWWL

2013). TKeVe SUacWLceV, WeUPed ³QRQ-SKaUPaceXWLcaO LQWeUYeQWLRQV´, aUe VWLOO ePSOR\ed WRda\,

eVSecLaOO\ LQ caVeV Rf ePeUJLQJ LQfecWLRQV befRUe WKeUe aUe effecWLYe YaccLQeV RU WUeaWPeQWV, VXcK

aV dXULQJ aQ EbROa RXWbUeaN, COVID-19, aQd SaQdePLc LQfOXeQ]a (MaUNeO eW aO. 2007; MRUeQV,

TaXbeQbeUJeU, aQd FaXcL 2021). VaULROaWLRQ, aOVR UefeUUed WR aV inocXlation, ZaV WKe SUecXUVRU WR

YaccLQaWLRQ. TKe SUacWLce ZaV LPSOePeQWed afWeU WKe RbVeUYaWLRQ WKaW SUeYLRXV e[SRVXUe WR

VPaOOSR[ (YaULROa) RU VLPLOaU dLVeaVeV (VXcK aV cRZSR[) cRQfeUUed VRPe OeYeO Rf SURWecWLRQ

aJaLQVW VeYeUe dLVeaVe (RLedeO 2005). VaULROaWLRQ ZaV deYeORSed aV a PeWKRd Rf LPPXQL]LQJ

SaWLeQWV aJaLQVW VeYeUe VPaOOSR[ (YaULROa PaMRU) b\ LQfecWLQJ WKeP ZLWK VPaOO aPRXQWV Rf

PaWeULaO fURP WKe VRUeV Rf SaWLeQWV ZLWK a PLOd fRUP Rf WKe dLVeaVe (YaULROa PLQRU) (PORWNLQ 2011;

DXPbeOO, BedVRQ, aQd RRVVLeU 1961). TKe eaUOLeVW UecRUd Rf YaULROaWLRQ daWeV bacN WR 15WK

ceQWXU\ CKLQa, ZKLcK LQcOXded ³QaVaO LQVXffOaWLRQ´ ZLWK SRZdeUed VPaOOSR[ PaWeULaO, VXcK aV

VcabV (WeQLJeU aQd PaSaQLa 2013). VaULRXV fRUPV Rf YaULROaWLRQ ZeUe cRPPRQO\ SUacWLced LQ

RWKeU SaUWV Rf AVLa aQd AfULca, aV ZeOO (LaQJeU 1976a). TKe SUacWLce ZaV fRUPaOO\ LQWURdXced WR

WeVWeUQ EXURSe LQ 1721 b\ Lad\ MaU\ WRUWOe\ MRQWaJXe, aQ EQJOLVK aULVWRcUaW ZKR ORVW VeYeUaO

faPLO\ PePbeUV WR VPaOOSR[ aQd LQVLVWed WKaW KeU cKLOdUeQ be LQRcXOaWed b\ SK\VLcLaQV afWeU

OeaUQLQJ abRXW WKe SUacWLce dXULQJ KeU VWa\ LQ WKe OWWRPaQ ePSLUe (RLedeO 2005). BROVWeUed b\ WKe

VPaOOSR[ RXWbUeaN LQ BRVWRQ, WKe LQWURdXcWLRQ Rf YaULROaWLRQ LQ WKe APeULcaQ cRORQLeV RccXUUed

aURXQd WKe VaPe WLPe aQd ZaV dULYeQ b\ WKe effRUWV Rf ReYeUeQd CRWWRQ MaWKeU, ZKR OeaUQed

abRXW LW fURP OQeVLPXV, KLV fRUPeU VOaYe (RLedeO 2005; T. H. BURZQ 1988). HRZeYeU, VLQce

NQRZOedJe Rf YaULROaWLRQ caPe fURP aQ AfULcaQ VRXUce, WKeUe ZaV LQLWLaOO\ ZLdeVSUead feaU aQd

dLVWUXVW Rf WKe SUacWLce, ZLWK CRWWRQ MaWKeU UeceLYLQJ WKUeaWV aQd PaQ\ LQ WKe BRVWRQ PedLcaO

cRPPXQLW\ e[SUeVVLQJ VNeSWLcLVP ³WKaW AfULcaQV ZeUe caSabOe Rf PedLcaO LQQRYaWLRQ´ (MLQaUdL

2004; T. H. BURZQ 1988).

TKe LQYeQWLRQ Rf WKe VPaOOSR[ YaccLQe LQ 1796 b\ EdZaUd JeQQeU, ZKLcK LQYROYed

LQRcXOaWLQJ SaWLeQWV ZLWK WKe cRZSR[ YLUXV (Yaccinia), PaUNed WKe beJLQQLQJ Rf WKe eQd Rf

YaULROaWLRQ (RLedeO 2005). DeVSLWe QaWXUaO VNeSWLcLVP²PaQLfeVWLQJ LQ UXPRUV Rf WKe YaccLQe

WXUQLQJ SeRSOe LQWR cRZV (LaX 2020), aQd WKe cRQceUQ Rf a ORVV Rf SRWeQc\ (BULPQeV

2004)²JeQQeU¶V WKeVLV ZaV ZLdeO\ acceSWed b\ WKe JUeaW PaMRULW\ Rf SK\VLcLaQV, aQd YaccLQaWLRQ

SUacWLce VSUead TXLcNO\. VaccLQaWLRQ ZaV YLeZed aV SUefeUabOe WR YaULROaWLRQ, aV WKe UeVXOWLQJ
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LQfecWLRQ ZaV VafeU aQd YaccLQaWed LQdLYLdXaOV ZeUe OeVV OLNeO\ WR be WKe VRXUce Rf VPaOOSR[

LQfecWLRQ (GURQLP 2006; BULPQeV 2004; LaQJeU 1976a), aQd b\ WKe 1800V WKe SUacWLce Kad

UeacKed PRVW EXURSeaQ cRXQWULeV aQd WKe UQLWed SWaWeV (RLedeO 2005). GUadXaOO\, YaccLQaWLRQ

UeSOaced YaULROaWLRQ ZRUOdZLde, aQd YaULROaWLRQ ZaV SURKLbLWed LQ EQJOaQd b\ WKe VaccLQaWLRQ

AcW Rf 1840 (DLdJeRQ 1963).

HXPaQ SeUceSWLRQ aQd UeVSRQVe WR ePeUJLQJ dLVeaVeV caQ cKaQJe ZLWK UeVSecW WR

faPLOLaULW\ ZLWK WKe dLVeaVe aQd WKe aYaLOabLOLW\ Rf UeVRXUceV WR cRPbaW WKe dLVeaVe (MedOe\ aQd

VaVVaOO 2017). PULRU WR WKe deYeORSPeQW Rf WKe PROLR YaccLQe LQ WKe 1950V, PROLRP\eOLWLV ZaV RQe

Rf WKe PRVW feaUed LQfecWLRQV LQ WKe UQLWed SWaWeV, eVSecLaOO\ dXULQJ WKe VXPPeU PRQWKV ZKeQ WKe

YLUXV VeePed WR SeaN (CDC 2022). HRZeYeU, WKe eOLPLQaWLRQ Rf SROLR KaV VKLfWed WKe SXbOLc

SeUceSWLRQ Rf SROLR WR RQe Rf a UaUe dLVeaVe WKaW LV OaUJeO\ cRQfLQed WR WKe deYeORSLQJ ZRUOd

(EOVeYLeU 2014; CeQWeUV fRU DLVeaVe CRQWURO aQd PUeYeQWLRQ 2015; MaUWLQe]-BaNNeU, KLQJ, aQd

RRKaQL 2015). AV aQRWKeU e[aPSOe, WKe 1918 LQfOXeQ]a SaQdePLc ZaV UeVSRQVLbOe fRU aW OeaVW 50

PLOOLRQ deaWKV ZRUOdZLde; SRSXOaWLRQV LPSOePeQWed YaULRXV LQWeUYeQWLRQV WR OLPLW WKe VSUead Rf

WKLV dLVeaVe, LQcOXdLQJ TXaUaQWLQeV, PaVN PaQdaWeV, aQd OLPLWaWLRQV RQ PaVV JaWKeULQJV (SKRUW,

Ked]LeUVNa, aQd YaQ de SaQdW 2018). IQ cRQWUaVW, VeaVRQaO LQfOXeQ]a LV YLeZed YeU\ dLffeUeQWO\.

EYeQ WKRXJK aSSUR[LPaWeO\ 400,000 SeRSOe dLe eacK \eaU fURP VeaVRQaO RXWbUeaNV (PaJeW eW aO.

2019), LQfOXeQ]a YaccLQe XSWaNe LV UeOaWLYeO\ ORZ (fRU e[aPSOe, a10% Rf WKe SRSXOaWLRQ LQ CKLQa

aQd a45% LQ WKe UQLWed SWaWeV (³FOX VaccLQaWLRQ CRYeUaJe, UQLWed SWaWeV, 2016-17 IQfOXeQ]a

SeaVRQ´ 2023; Q. WaQJ eW aO. 2018)). FLQaOO\, LQ WKe 1950V, PeaVOeV ZaV VR cRPPRQ aV WR be

cRQVLdeUed a ³ULWe Rf SaVVaJe´ bXW VWLOO caXVed ZLdeVSUead cRPSOLcaWLRQV aQd deaWK LQ cKLOdUeQ;

VLQce WKe YaccLQe, WKe VeYeULW\ Rf PeaVOeV KaV beeQ dRZQSOa\ed aV a ³UaVK´ b\ WKRVe ZKR aUe

VNeSWLcaO Rf WKe YaccLQe (BeUcKe 2022; MaVWURLaQQL 2019).

TKe RYeUaOO cRQceSW WKaW SUe-e[SRVXUe WR LQfecWLRXV aJeQWV caQ cRQfeU LPPXQLW\ VWLOO

dULYeV RWKeU WUadLWLRQaO SUacWLceV VXcK aV ³SR[ SaUWLeV´, LQ ZKLcK cKLOdUeQ aUe LQWeQWLRQaOO\

e[SRVed WR dLVeaVeV OLNe cKLcNeQSR[, PeaVOeV, aQd UXbeOOa, aQd PRVW UeceQWO\ ³COVID PaUWLeV´

(OUeQVWeLQ aQd GaURQ 2016; BRN eW aO. 2022; ³µPR[ PaUWLeV¶ SWLOO PRVe RLVN fRU SeYeUe

CKLcNeQSR[ CRPSOLcaWLRQV´ 2016). TKeVe LQWeQWLRQaO e[SRVXUe eYeQWV aUe VWURQJO\ dLVcRXUaJed

b\ SXbOLc KeaOWK RffLcLaOV fRU a QXPbeU Rf UeaVRQV WKaW aUe aQaORJRXV WR WKe ULVNV Rf YaULROaWLRQ,

VXcK aV WKe SRVVLbLOLW\ Rf VeYeUe dLVeaVe RU cRPSOLcaWLRQV aQd WKe SRWeQWLaO WR VSUead WKe dLVeaVe

WR aW-ULVN LQdLYLdXaOV, bXW WKe SUacWLce SeUVLVWV (YRXQJ 2009).
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T\SeV aQd VRXUceV Rf YacciQe heViWaQc\

FROORZLQJ LQ WKe VWeSV Rf LWV SUedeceVVRU, YaULROaWLRQ, YaccLQaWLRQ LV RQe Rf WKe PRVW

LPSRUWaQW aQd VXcceVVfXO SXbOLc KeaOWK acKLeYePeQWV Rf WKe OaVW ceQWXU\ (FeQQeU 1982;

KLP-FaUOe\ eW aO. 1984; D. SaON 1980). HRZeYeU, LQ deYeORSed cRXQWULeV, WKeUe KaV beeQ a UeceQW

UeVXUJeQce Rf YaccLQe-SUeYeQWabOe dLVeaVeV (VPDV) deVSLWe WKe dePRQVWUaWed VafeW\ aQd effLcac\

Rf YaccLQeV aQd WKe JeQeUaOO\ KLJK cKLOdKRRd YaccLQaWLRQ UaWeV (AWZeOO aQd SaOPRQ 2014; KXbLQ

2019; FaOaJaV aQd ZaUNadRXOLa 2008; DXbp eW aO. 2013). BecaXVe Rf WKe ULVNV Rf WKeVe

YaccLQe-SUeYeQWabOe dLVeaVe RXWbUeaNV ZRUOdZLde (GOaQ] eW aO. 2009), LQ 2019, WKe WRUOd HeaOWK

OUJaQL]aWLRQ QaPed YaccLQe KeVLWaQc\ aV RQe Rf LWV WeQ WKUeaWV WR JORbaO KeaOWK (ScKeUeV aQd

KXV]eZVNL 2019).

DeYeORSLQJ aQ RSeUaWLRQaO defLQLWLRQ fRU YaccLQe KeVLWaQc\ KaV beeQ cKaOOeQJLQJ fRU

UeVeaUcKeUV dXe WR WKe dLffLcXOW\ LQ caWeJRUL]LQJ YaccLQaWLRQ aWWLWXdeV aQd WKe cRPSOe[ LQWeUacWLRQ

Rf dLffeUeQW VRcLaO, cXOWXUaO, SROLWLcaO aQd SeUVRQaO facWRUV LQ YaccLQe decLVLRQ-PaNLQJ (DXbp eW aO.

2013). SLQce YaccLQe KeVLWaQW aWWLWXdeV aUe QRW aOZa\V cRXSOed ZLWK UedXced YaccLQe XSWaNe (aV

YaccLQe-KeVLWaQW LQdLYLdXaOV Pa\ acceSW aOO UecRPPeQded YaccLQeV LQ a WLPeO\ PaQQeU, bXW VWLOO

KaYe VLJQLfLcaQW dRXbWV LQ dRLQJ VR), LW KaV beeQ dLffLcXOW WR fXOO\ XQdeUVWaQd YaccLQe KeVLWaQc\ aW

WKe SRSXOaWLRQ OeYeO (DXbp eW aO. 2013). TKLV dLffLcXOW\ LQ SaLQWLQJ a cOeaU SLcWXUe KaV PaQLfeVWed

LQ WKe deYeORSPeQW Rf VeYeUaO YaccLQe acceSWaQce aQd UeVLVWaQce PRdeOV, ZLWK PRVW fRcXVLQJ RQ

SaUeQWaO decLVLRQ-PaNLQJ (DXbp eW aO. 2013). IQ 2015, afWeU aQ e[WeQVLYe UeYLeZ Rf WKeVe PRdeOV,

WKe SAGE WRUNLQJ GURXS RQ VaccLQe KeVLWaQc\ cRQcOXded WKaW YaccLQe KeVLWaQc\ ³UefeUV WR

deOa\ LQ acceSWaQce RU UefXVaO Rf YaccLQaWLRQ deVSLWe aYaLOabLOLW\ Rf YaccLQaWLRQ VeUYLceV. VaccLQe

KeVLWaQc\ LV cRPSOe[ aQd cRQWe[W VSecLfLc, YaU\LQJ acURVV WLPe, SOace aQd YaccLQeV. IW LV

LQfOXeQced b\ facWRUV VXcK aV cRPSOaceQc\, cRQYeQLeQce aQd cRQfLdeQce,´ (MacDRQaOd aQd

SAGE WRUNLQJ GURXS RQ VaccLQe HeVLWaQc\ 2015) ZKLcK aUe WKe cRPSRQeQWV Rf WKe ³3 CV´

PRdeO, fLUVW SURSRVed WR WKe WHO EURO VaccLQe CRPPXQLcaWLRQV WRUNLQJ GURXS LQ 2011. TKe

³3 CV PRdeO´ KaV beeQ YLeZed aV beLQJ WKe PRVW UeadLO\ XQdeUVWaQdabOe cRQceSWXaO fUaPeZRUN

fRU dLVeQWaQJOLQJ WKe cRPSOe[LW\ Rf YaccLQe KeVLWaQc\ (MacDRQaOd aQd SAGE WRUNLQJ GURXS

RQ VaccLQe HeVLWaQc\ 2015). EacK Rf WKe WKUee caWeJRULeV²cRPSOaceQc\ (WKe beOLef WKaW

YaccLQaWLRQ LV XQQeceVVaU\ ZKeQ WKe SeUceLYed ULVN Rf VPDV LV ORZ), cRQYeQLeQce (WKe

acceVVLbLOLW\ aQd affRUdabLOLW\ Rf YaccLQeV), aQd cRQfLdeQce (WKe OeYeO Rf WUXVW LQ WKe effLcac\ aQd

VafeW\ Rf WKe YaccLQe, aQd LQ WKe KeaOWKcaUe V\VWeP)²aUe LQfOXeQced b\ a QXPbeU Rf RWKeU facWRUV
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VXcK aV WKe PRWLYaWLRQ Rf SROLc\ PaNeUV, VeOf-effLcac\, aQd cXOWXUaO cRQWe[W (MacDRQaOd aQd

SAGE WRUNLQJ GURXS RQ VaccLQe HeVLWaQc\ 2015; DXbp eW aO. 2013). UQOLNe WKe VRcLaO

deWeUPLQaQWV Rf KeaOWK, ZKLcK WeQd WR LQfOXeQce KeaOWK beKaYLRUV LQ a VLQJOe dLUecWLRQ, YaccLQe

KeVLWaQc\ deWeUPLQaQWV, VXcK aV edXcaWLRQ aQd VRcLR-ecRQRPLc VWaWXV, KaYe beeQ aVVRcLaWed ZLWK

bRWK KLJKeU aQd ORZeU OeYeOV Rf YaccLQe acceSWaQce (MacDRQaOd aQd SAGE WRUNLQJ GURXS RQ

VaccLQe HeVLWaQc\ 2015).

VaccLQe KeVLWaQc\ aQd YaccLQaWLRQ RSSRVLWLRQ aUe, KRZeYeU, QRW UeceQW SKeQRPeQa: SXbOLc

RSSRVLWLRQ WR YaccLQaWLRQV KaV beeQ baVed LQ WKeRORJ\, SROLWLcV, OaZ, aQd JeQeUaO VNeSWLcLVP VLQce

WKeLU cUeaWLRQ LQ 1796 (ScKZaUW] 2012; KRVOaS-PeWUacR 2019; SLddLTXL, SaOPRQ, aQd OPeU 2013;

CaOOeQdeU 2016). SLPLOaU SXVKbacN aJaLQVW SUeYeQWaWLYe KeaOWK PeaVXUeV e[LVWed LQ WKe SUecedLQJ

ceQWXU\ ZLWK WKe SUacWLce Rf YaULROaWLRQ, SaUWLcXOaUO\ VLQce WKeUe ZaV a VPaOO cKaQce Rf deaWK aQd

Rf VSUeadLQJ VPaOOSR[ afWeU LQRcXOaWLRQ (CKRUba aQd EVSaU]a 2022; RLedeO 2005; BeUQRXOOL 1760;

BORZeU aQd BeUQRXOOL 2004). VaULROaWLRQ ZaV aUJXed WR be aJaLQVW WKe ZLOO Rf GRd b\ EQJOLVK aQd

FUeQcK cOeUJ\ (LaQJeU 1976a). WULWeUV aQd UeOLJLRXV OeadeUV aJaLQVW LQRcXOaWLRQ dLVcUedLWed WKe

SUacWLce b\ ePSKaVL]LQJ LWV RULJLQV LQ TXUNe\, ³a OaQd Rf KaUePV,´ aQd LWV aVVRcLaWLRQV ZLWK ³a

feZ IJQRUaQW WRPeQ, aPRQJVW aQ LOOLWeUaWe aQd XQWKLQNLQJ PeRSOe´ (WaJVWaffe 1722), LQ

UefeUeQce WR WKe LQWURdXcWLRQ Rf YaULROaWLRQ WR EXURSe b\ Lad\ MaU\ WRUWOe\ MRQWaJXe (RLedeO

2005). AV WKe SUacWLce Rf YaULROaWLRQ UaQ cRXQWeU WR 18WK ceQWXU\ PedLcaO WKeRULeV, SK\VLcLaQV

ZeUe aOVR KeVLWaQW WR adRSW WKe SUacWLce; WKeVe PedLcaO WKeRULeV ZeUe JURXQded LQ aQ

XQdeUVWaQdLQJ Rf WUeaWLQJ dLVeaVe aV e[SeOOLQJ ³e[ceVVLYe RU cRUUXSWed´ PaWeULaOV fURP WKe bRd\,

WKeUefRUe WKe Ldea Rf KeaOLQJ b\ LQWeQWLRQaOO\ LQVeUWLQJ LQfecWLRQ LQWR WKe bRd\ ZaV XQfaPLOLaU aQd

LOORJLcaO (GURQLP 2006).

TZR SeUVLVWeQW WKePeV Rf YaccLQe KeVLWaQc\ LQcOXde, fLUVW, WKe Ldea WKaW YaccLQaWLRQV aUe

PRUe KaUPfXO WKaQ WKe dLVeaVeV WKe\ LQWeQd WR SUeYeQW²WKLV WKePe, UePLQLVceQW Rf WKe ³aUWLfLcLaO

VPaOOSR[´ aUJXPeQWV Rf 18WK ceQWXU\ (BORZeU aQd BeUQRXOOL 2004; BeUQRXOOL 1760), XVXaOO\

RccXUV aW WKe LQWURdXcWLRQ Rf QeZ YaccLQeV (ScKZaUW] 2012). TKe VecRQd WKePe, XVXaOO\

RccXUULQJ afWeU cRPSXOVRU\ YaccLQaWLRQ PaQdaWeV, LV WKe Ldea WKaW YaccLQeV Pa\ QRW be QeceVVaU\

dXULQJ a decOLQe LQ dLVeaVe (ScKZaUW] 2012). WLWK WKe LQWURdXcWLRQ Rf cRPSXOVRU\ YaccLQaWLRQ LQ

WKe 19WK ceQWXU\ caPe WKe SUecXUVRUV Rf cRQWePSRUaU\ YaccLQaWLRQ e[ePSWLRQV (DXUbacK 2005;

SZaOeV 1992a) ZKLcK LQcOXde QRQ-PedLcaO e[ePSWLRQV RQ WKe baVLV Rf UeOLJLRXV, SKLORVRSKLcaO,

aQd SeUVRQaO beOLefV (E. WaQJ eW aO. 2014; PKadNe eW aO. 2016). TKe AQWL-VaccLQaWLRQ LeaJXe,
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fRXQded LQ PLd-19WK-ceQWXU\ LRQdRQ, aUJXed WKaW cRPSXOVRU\ YaccLQaWLRQ LQYaded WKe SeRSOe¶V

OLbeUWLeV (WROfe aQd SKaUS 2002). A 1969 UeYLeZ Rf PaQdaWRU\ YaccLQaWLRQ LQ WKe UQLWed SWaWeV

UeYeaOed a VLPLOaU RbMecWLRQ²³LQfULQJePeQW RQ SeUVRQaO OLbeUW\´²aORQJ ZLWK aQ aYeUVLRQ WR

JRYeUQPeQW LQWUXVLRQ RQ UeOLJLRXV beOLefV aQd a JeQeUaO dLVWUXVW Rf PedLcaO VcLeQce (JacNVRQ

1969). TKXV, VLQce WKe adYeQW Rf YaccLQaWLRQV, cXOWXUaO cRQWe[W KaV LQWeUacWed ZLWK

YaccLQe-UeOaWed beOLefV aQd LQ WXUQ LQfOXeQced YaccLQaWLRQ beKaYLRUV, XOWLPaWeO\ affecWLQJ

SRSXOaWLRQ-OeYeO LPPXQLW\ aQd SXbOLc KeaOWK.

MaWhePaWicaO PRdeOV Rf diVeaVe d\QaPicV

IQ addLWLRQ WR dULYLQJ WKe LQYeQWLRQ Rf WKe YaccLQe, VPaOOSR[ aOVR SURPSWed WKe fLUVW

PaWKePaWLcaO PRdeOV Rf dLVeaVe; WKeVe PRdeOV Oed WR WKe fLUVW PaWKePaWLcaO SUedLcWLRQV Rf KRZ

VeYeUe a dLVeaVe RXWbUeaN ZRXOd be aQd KRZ PaQ\ OLYeV cRXOd be LPSURYed b\ aQ LQWeUYeQWLRQ. IQ

1766, DaQLeO BeUQRXOOL aLPed WR cRQYLQce WKe SXbOLc abRXW WKe beQefLWV Rf ZKROe SRSXOaWLRQ

³LQRcXOaWLRQ´ LQ WKe fLUVW aSSOLcaWLRQ Rf a PaWKePaWLcaO PRdeO WR LQfecWLRXV dLVeaVe (DLeW] aQd

HeeVWeUbeeN 2002; BeUQRXOOL 1760). TKLV PRdeO becaPe a SUecXUVRU WR WKe cRPSaUWPeQWaO PRdeO

PRVW cRPPRQO\ XVed LQ LQfecWLRXV dLVeaVe PRdeOLQJ WRda\. BeUQRXOOL¶V PRdeO, ZKLcK caOcXOaWed

WKe JaLQ LQ OLfe e[SecWaQc\ aW bLUWK Lf VPaOOSR[ ZeUe WR be eOLPLQaWed aV a caXVe Rf deaWK,

eVWLPaWed a JaLQ LQ 1/9 WKe aYeUaJe OLfeVSaQ ZLWK VPaOOSR[ LQRcXOaWLRQ (BeUQRXOOL 1760). HLV

ZRUN LQ WKe SURORQJaWLRQ Rf OLfe e[SecWaQc\ aQd cRPSeWLQJ ULVNV Kad LPPedLaWe fLQaQcLaO LPSacW

aV aQQXLWLeV ZeUe beLQJ VROd aW WKe WLPe; aV a UeVXOW, BeUQRXOOL¶V ZRUN UeceLYed cRQVLdeUabOe

aWWeQWLRQ LQ acWXaULaO OLWeUaWXUe (DLeW] aQd HeeVWeUbeeN 2002). IQ 1927 WKe KeUPacN±McKeQdULcN

PRdeO²WKe SIR (SXVceSWLbOe-IQfecWed-RecRYeUed) PRdeO Ze NQRZ WRda\²ZaV SXbOLVKed

(KeUPacN aQd McKeQdULcN 1927), bXW LW ZaV QRW XQWLO 1960 (BUaPbLOOa, Q.d.) WKaW WKe LQfecWLRXV

dLVeaVe eSLdePLRORJLcaO aSSOLcaWLRQV Rf BeUQRXOOL¶V cRPSaUWPeQWaO PRdeO ZeUe fXOO\ UecRJQL]ed

(DLeW] aQd HeeVWeUbeeN 2002). IQ PRUe UeceQW aSSOLcaWLRQV, UeVeaUcKeUV KaYe added addLWLRQaO

cRPSaUWPeQWV WR UeSUeVeQW PRUe cRPSOe[ VceQaULRV, VXcK aV E[SRVed, VaccLQaWed, DLed,

ReSRUWed, UQUeSRUWed, LaWeQW (LLX eW aO. 2020; CaOafLRUe, NRYaUa, aQd PRVVLeUL 2020; ScKOLcNeLVeU

aQd KU|JeU 2021). WLWK WKe 20WK ceQWXU\ caPe a QXPbeU Rf addLWLRQaO deYeORSPeQWV LQ

LQfecWLRXV dLVeaVe eSLdePLRORJ\, VXcK aV PaWKePaWLcaO PRdeOV LQcRUSRUaWLQJ aJe VWUXcWXUe Rf WKe

SRSXOaWLRQ (G. F. Webb 1985; TKRPaV aQd COaUN 2011). IQ addLWLRQ, ³caWaO\WLc´ PRdeOV, ZKLcK

KaYe WKeLU URRWV LQ cKePLVWU\, aSSO\ WKe OaZ Rf PaVV acWLRQ WR e[SOaLQ eSLdePLc beKaYLRU

(MXeQcK 1959; GULffLWKV 1974). FRU e[aPSOe, LQ a caWaO\WLc PRdeO, WKe fRUce Rf LQfecWLRQ, ZKLcK
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LQ a WUadLWLRQaO SIR PRdeO cRXOd be a cRQVWaQW UaWe aW ZKLcK VXVceSWLbOe LQdLYLdXaOV becRPe

LQfecWed, caQ LQVWead be UeSUeVeQWed aV a fXQcWLRQ Rf WKe aJe Rf WKe LQdLYLdXaO RU WKe \eaU Rf

LQfecWLRQ (CaXcKePe] eW aO. 2019). IQ eSLdePLRORJLcaO aSSOLcaWLRQV, LW cRXOd aOVR be aVVXPed WKaW

WKe UaWe Rf QeZ LQfecWLRQV LV SURSRUWLRQaO WR WKe UeOaWLYe QXPbeUV Rf LQfecWed aQd VXVceSWLbOe

LQdLYLdXaOV LQ a SRSXOaWLRQ (MXeQcK 1959). CaWaO\WLc aQd cRPSaUWPeQWaO PRdeOV KaYe accXUaWeO\

SUedLcWed WKe d\QaPLcV Rf PaOaULa (RRVV 1910), PeaVOeV (GULffLWKV 1974), WKe SOaJXe (KeUPacN

aQd McKeQdULcN 1927), aQd AIDS (HXaQJ aQd VLOOaVaQa 2005), aQd cRQWLQXe WR be aSSOLed WR

XQdeUVWaQd COVID-19 d\QaPLcV aQd YaccLQe effLcac\ (G. Webb 2021; DePRQJeRW eW aO. 2022).

MaWhePaWicaO PRdeOV Rf SRSXOaWiRQ behaYiRUV

MaWKePaWLcaO PRdeOV KaYe QRW RQO\ beeQ a VWaSOe LQ WKe fLeOd Rf eSLdePLRORJ\ dXe WR WKeLU

caSabLOLW\ LQ UeSURdXcLQJ UeaO ZRUOd dLVeaVe SKeQRPeQa, bXW KaYe aOVR SURYed XVefXO LQ

XQdeUVWaQdLQJ WKe beKaYLRU Rf SRSXOaWLRQV. IQ 1798, TKRPaV MaOWKXV SXbOLVKed An Essa\ on the

Principle of PopXlation, LQ ZKLcK Ke VSecXOaWed WKaW SRSXOaWLRQV e[SeULeQce e[SRQeQWLaO JURZWK

ZKLOe fRRd SURdXcWLRQ e[SeULeQceV aULWKPeWLc JURZWK (MaOWKXV 1872). TKe MaOWKXVLaQ WKeRU\, aV

WKLV caPe WR be NQRZQ, VXJJeVWed WKaW SRSXOaWLRQV KaYe a WeQdeQc\ WR LQcUeaVe be\RQd WKe PeaQV

Rf VXbVLVWeQce aQd aUe QeceVVaULO\ OLPLWed b\ WKe fRRd VXSSO\ aQd RWKeU UeVRXUceV. TKeUefRUe,

SRSXOaWLRQV ZRXOd TXLcNO\ RXWSace WKeLU fRRd VXSSO\, UeVXOWLQJ LQ UedXced OLYLQJ VWaQdaUdV,

faPLQe, ZaU, aQd SRSXOaWLRQ decOLQe (MaOWKXV 1872). TaNLQJ QRWe Rf WKe XQUeaOLVWLc QaWXUe Rf

MaOWKXV¶ SRSXOaWLRQ JURZWK PRdeO, AOSKRQVe QXeWeOeW aQd PLeUUe FUaQoRLV VeUKXOVW added a WeUP

WR MaOWKXV¶ eTXaWLRQ WR UeSUeVeQW a SRSXOaWLRQ¶V LQcUeaVLQJ UeVLVWaQce WR fXUWKeU JURZWK (CUaPeU

2002). TKLV addLWLRQ Rf a caUU\LQJ caSacLW\ ZRXOd UeVXOW LQ aQ e[SRQeQWLaOO\ JURZLQJ SRSXOaWLRQ

aUULYLQJ aW aQ XSSeU OLPLW RU VaWXUaWLRQ OeYeO RYeU WLPe (CUaPeU 2002). VeUKXOVW SXbOLVKed KLV

VXJJeVWLRQV, deULYLQJ WKe ³coXrbe logistiqXe´ RU ORJLVWLc fXQcWLRQ, LQ WKUee SaSeUV beWZeeQ

1838±1847 (CUaPeU 2002; VeUKXOVW 1845, 1838, 1847). HRZeYeU, LW ZaV QRW XQWLO WKe UedLVcRYeU\

Rf KLV ZRUN b\ Ra\PRQd PeaUO aQd LRZeOO J. Reed LQ WKe eaUO\ 20WK ceQWXU\ WKaW LWV XVe becaPe

ZLdeO\ acceSWed LQ VWaWLVWLcV (PeaUO aQd Reed 1920, 1922; CUaPeU 2002).

PRSXOaWLRQV aUe QaWXUaOO\ cRPSRVed Rf YaULRXV SRWeQWLaOO\ eYROYLQJ VXbJURXSV, ZLWK

LQdLYLdXaOV aQd JURXSV VLPXOWaQeRXVO\ cRQQecWed aQd LQWeUacWLQJ LQ a YaULeW\ Rf Za\V. SRcLaO

QeWZRUN PRdeOV ZeUe deYeORSed WR caSWXUe WKeVe W\SeV Rf SRSXOaWLRQ d\QaPLcV. BURadO\, VRcLaO

QeWZRUN PRdeOV aUe VWaWLVWLcaO PRdeOV WKaW aUe XVed fRU WKe aQaO\VLV Rf UeOaWLRQaO daWa (APaWL

2020) aQd VRcLaO QeWZRUN aQaO\VLV XVeV QeWZRUN aQd JUaSK WKeRU\ WR LQYeVWLJaWe VRcLaO VWUXcWXUeV
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(OWWe aQd RRXVVeaX 2002). TKRXJK WKe aSSOLcaWLRQ Rf PaWKePaWLcV WR VRcLaO VWUXcWXUeV KaV URRWV

LQ WKe OaWe 19WK ceQWXU\ (FUeePaQ 2004; MacfaUOaQe 1882), PaMRU deYeORSPeQW WR WKe fLeOd Rf

VRcLaO QeWZRUN aQaO\VLV RccXUUed LQ WKe 1930V LQ VeYeUaO dLVcLSOLQeV (J. ScRWW aQd CaUULQJWRQ

2011; LeZLQ 1936; MRUeQR 1934). IQ 1934, SV\cKRORJLVW JacRb L. MRUeQR LQYeQWed WKe

µVRcLRJUaP¶ aV a Za\ Rf YLVXaOO\ UeSUeVeQWLQJ VRcLaO QeWZRUNV ZLWK SRLQWV aQd OLQeV; Ke UefeUUed

WR WKLV aSSURacK aV µVRcLRPeWU\¶ (MRUeQR 1934). MRUeQR¶V ZRUN aQd WKaW Rf KLV cROOeaJXe KXUW

LeZLQ (LeZLQ 1936) PRVW e[SOLcLWO\ fRcXVed RQ e[aPLQLQJ Za\V LQ ZKLcK WKe VWUXcWXUeV Rf VPaOO

JURXSV LQfOXeQced WKe SeUceSWLRQV aQd acWLRQ cKRLceV Rf WKeLU LQdLYLdXaO PePbeUV. B\ WKe 1950V,

VRcLRPeWU\ WRRN WKe fRUP Rf aQ ePSKaVLV RQ JURXS d\QaPLcV, becRPLQJ aQ LPSRUWaQW aSSOLcaWLRQ

LQ edXcaWLRQ aQd cRPPXQLW\ VWXdLeV (CaUWZULJKW aQd ZaQdeU 1958; HaUaU\ aQd NRUPaQ 1953).

TKeVe PRUe PRdeUQ VRcLaO QeWZRUNV RfWeQ UeSUeVeQW LQdLYLdXaOV aV QRdeV LQ a QeWZRUN, ZLWK

edJeV beWZeeQ QRdeV LQdLcaWLQJ cRQQecWLRQV beWZeeQ SaLUV Rf SeRSOe, eQabOLQJ UeVeaUcKeUV WR

PRdeO WKe OLNeOLKRRd Rf LQfRUPaWLRQ RU dLVeaVe WR VSUead LQ WKe SRSXOaWLRQ.

WKLOe VRcLaO QeWZRUN aQaO\VLV LV eVVeQWLaOO\ JUaSK WKeRU\ aW LWV cRUe, RWKeU W\SeV Rf

PaWKePaWLcaO PRdeOV KaYe beeQ ePSOR\ed WR KLJKOLJKW VSecLfLc feaWXUeV Rf QeWZRUN VWUXcWXUe.

WLWK WKe ³bORcNPRdeOLQJ´ WecKQLTXe, UeVeaUcKeUV caQ VLPSOLf\ a cRPSOe[ VRcLaO QeWZRUN WR a

PRUe UeadLO\ aQaO\]abOe RQe b\ JURXSLQJ XQLWV (L.e. QRdeV RU LQdLYLdXaOV) Rf WKe QeWZRUN baVed RQ

WKeLU VRcLaO SRVLWLRQV RU VWaWXVeV (J. ScRWW aQd CaUULQJWRQ 2011; LRUUaLQ aQd WKLWe 1971; WKLWe,

BRRUPaQ, aQd BUeLJeU 1976; BRRUPaQ aQd WKLWe 1976). MRVW UeceQWO\, aJeQW-baVed PRdeOV KaYe

beeQ XVed WR e[SORUe SURceVVeV Rf cKaQJe LQ QeWZRUNV. AQ aJeQW-baVed PRdeO LV a cRPSXWaWLRQaO

PRdeO fRU VLPXOaWLQJ WKe acWLRQV aQd LQWeUacWLRQV Rf aXWRQRPRXV aJeQWV, ZKLcK caQ be LQdLYLdXaO

RU cROOecWLYe eQWLWLeV (LaXbeQbacKeU, HLQNeOPaQQ, aQd OUePOaQd 2013). IQ WKLV W\Se Rf PRdeO,

eacK aJeQW LQdLYLdXaOO\ aVVeVVeV LWV VLWXaWLRQ aQd PaNeV decLVLRQV RQ WKe baVLV Rf a VeW Rf UXOeV

(BRQabeaX 2002; LaXbeQbacKeU, HLQNeOPaQQ, aQd OUePOaQd 2013).

BeKaYLRU-cKaQJe PRdeOV aUe a cOaVV Rf PaWKePaWLcaO PRdeOV WKaW VLPXOaWe cKaQJeV LQ

beKaYLRUV LQ UeVSRQVe WR LQWeUQaO RU e[WeUQaO PRWLYaWRUV (VeUeOVW, WLOOeP, aQd BeXWeOV 2016).

TKeVe W\SeV Rf PRdeOV W\SLcaOO\ cRPSOePeQW dLVeaVe PRdeOV WR PRUe accXUaWeO\ UeSUeVeQW WKe

dLVeaVe WUaQVPLVVLRQ OaQdVcaSe b\ LQcRUSRUaWLQJ beKaYLRUaO cKaQJeV, VXcK aV SUeYeQWaWLYe KeaOWK

beKaYLRUV, LQ UeVSRQVe WR LQfRUPaWLRQ abRXW WKe dLVeaVe. A ZLdeO\ XVed WKeRUeWLcaO fUaPeZRUN Rf

beKaYLRU-cKaQJe PRdeOV LV WKaW Rf JaPe WKeRU\. TKRXJK VRPe JaPe-WKeRUeWLc LdeaV caQ be WUaced

WR WKe 18WK ceQWXU\, PaMRU deYeORSPeQWV Rf WKe WKeRU\ beJaQ LQ WKe 1920V ZLWK WKe ZRUN Rf WKe
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PaWKePaWLcLaQV EPLOe BRUeO aQd JRKQ YRQ NeXPaQQ (JRKQ VRQ NeXPaQQ aQd MRUJeQVWeUQ

1944; BRUeO 1921; J. VRQ NeXPaQQ 1928). A OLPLWaWLRQ fRU JaPe WKeRUeWLc PRdeOV LQ SaUWLcXOaU LV

WKe aVVXPSWLRQ WKaW KXPaQV aUe UaWLRQaO decLVLRQ-PaNeUV caSabOe Rf accXUaWeO\ aVVeVVLQJ WKeLU

eQYLURQPeQW (VeUeOVW, WLOOeP, aQd BeXWeOV 2016; VRLQVRQ, BLOOLaUd, aQd AOYeUJQe 2016). GaPe

WKeRU\ SUeVXSSRVeV WKaW a decLVLRQ-PaNeU (³SOa\eU´) cKRRVeV WKe beVW acWLRQ aPRQJ aOO WKe

acWLRQV aYaLOabOe WR WKeP accRUdLQJ WR WKeLU SUefeUeQceV aQd LQWeUacWLRQV ZLWK RWKeU SOa\eUV

(OVbRUQe 2004; CROPaQ 2016). PUedLcWLRQV aUe Pade XVLQJ YaULRXV beKaYLRUaO aVVXPSWLRQV abRXW

KRZ deeSO\ SeRSOe UeaVRQ aQd KRZ WKe\ UeacW WR RbVeUYed beKaYLRU (CaPeUeU 2009). PeUKaSV WKe

PRVW faPRXV e[aPSOe Rf JaPe WKeRU\¶V aSSOLcaWLRQ WR WKe VWXd\ Rf cRRSeUaWLYe beKaYLRU LV WKe

SULVRQeU¶V dLOePPa, LQ ZKLcK a SaLU Rf aJeQWV caQ eLWKeU cRRSeUaWe RU defecW, aQd eacK LQdLYLdXaO

KaV aQ LQceQWLYe WR cKRRVe WR defecW, ZKeUeaV cRRSeUaWLQJ ZRXOd be beWWeU fRU WKe JURXS

(YaVXNaZa 2010; PRXQdVWRQe 1993).

AJeQW-baVed PRdeOLQJ KaV a QXPbeU Rf adYaQWaJeV RYeU RWKeU ZLdeO\ XVed PRdeOV, aV

WKe\ aUe abOe WR LQcRUSRUaWe WKe LQcUeaVLQJ cRPSOe[LW\ Rf VRcLaO V\VWePV. IW LV aOVR dLffLcXOW WR

PRdeO SRSXOaWLRQ KeWeURJeQeLW\ aQd LdeQWLf\ ePeUJeQW beKaYLRU XVLQJ RUdLQaU\ RU SaUWLaO

dLffeUeQWLaO eTXaWLRQV (ODEV aQd PDEV) RU JaPe WKeRUeWLc fUaPeZRUNV (BRQabeaX 2002;

LaXbeQbacKeU, HLQNeOPaQQ, aQd OUePOaQd 2013). AJeQW-baVed VRcLaO QeWZRUN PRdeOV aUe abOe

WR caSWXUe ePeUJeQW SKeQRPeQa, aQd caQ PRUe eaVLO\ be XVed WR UeSUeVeQW VSaWLaO KeWeURJeQeLW\

(BRQabeaX 2002; LaXbeQbacKeU, HLQNeOPaQQ, aQd OUePOaQd 2013). TKe\ caQ aOVR VLPXOaWe

VWRcKaVWLcLW\ LQ KXPaQ decLVLRQ PaNLQJ, fRU e[aPSOe, b\ accRXQWLQJ fRU LPLWaWLRQ beKaYLRU

(NdeffR MbaK eW aO. 2012).

BehaYiRU±chaQge PRdeOV aQd PRdeOV Rf cXOWXUaO eYROXWiRQ iQ Whe cRQWe[W Rf diVeaVe

GLYeQ WKeLU bURad XVaJe LQ PRdeOLQJ beKaYLRUV aQd eSLdePLRORJLcaO SURceVVeV,

PaWKePaWLcaO PRdeOV PaNe XVefXO WRROV fRU XQdeUVWaQdLQJ KXPaQ beKaYLRU LQ WKe cRQWe[W Rf

dLVeaVe. TKe VSUead Rf LQfecWLRXV dLVeaVe LV LQWULQVLcaOO\ OLQNed WR KXPaQ beKaYLRU, aQd LW KaV

becRPe LQcUeaVLQJO\ cRPPRQ fRU eSLdePLRORJLcaO PRdeOV WR LQcRUSRUaWe aVSecWV Rf KXPaQ

beKaYLRU aQd beKaYLRUaO UeVSRQVe WR dLVeaVe (e.J (PeUUa eW aO. 2011; MaR aQd YaQJ 2012b; BaXcK

2005; CKaXKaQ, MLVUa, aQd DKaU 2014; FXQN, SaOaWKp, aQd JaQVeQ 2010; TaQaNa, KXPP, aQd

FeOdPaQ 2002)). VaccLQaWLRQ aQd VRcLaO dLVWaQcLQJ aUe WKe PRVW cRPPRQ fRUPV Rf dLVeaVe

LQWeUYeQWLRQV PRdeOed b\ WKeVe beKaYLRU-cKaQJe PRdeOV (VeUeOVW, WLOOeP, aQd BeXWeOV 2016;

FeQLcKeO eW aO. 2011; A]L]L eW aO. 2022). A VeULeV Rf cRPSaUWPeQWaO PRdeOV KaYe UeSUeVeQWed WKe
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VSUead Rf dLVeaVe aORQJVLde WKe VSUead Rf eLWKeU beOLefV RU beKaYLRUV, WeUPLQJ WKeVe ³cRXSOed

cRQWaJLRQV´ LQ ZKLcK VLPXOaWed LQdLYLdXaOV caQ be ³LQfecWed´ b\ cXOWXUaO facWRUV VXcK aV YaccLQe

KeVLWaQc\, feaUV, LQfRUPaWLRQ, RU KeaOWK-UeOaWed beKaYLRUV, ZKLcK caQ LQ WXUQ aOWeU WKe OLNeOLKRRd Rf

beLQJ LQfecWed b\ WKe dLVeaVe (ESVWeLQ, HaWQa, aQd CURdeOOe 2021; SPaOdLQR aQd JRQeV 2021;

ESVWeLQ eW aO. 2008a; MeKWa aQd RRVeQbeUJ 2020). FRU e[aPSOe, a cRXSOed cRQWaJLRQ PRdeO

VKRZed WKaW WKe VSUead Rf aQWL-YaccLQe VeQWLPeQW, PRdeOed aORQJVLde WKe YaccLQe-SUeYeQWabOe

dLVeaVe, cRXOd caXVe eSLdePLcV WKaW ZRXOd RWKeUZLVe QRW KaYe RccXUUed (MeKWa aQd RRVeQbeUJ

2020). HRPRSKLO\, WKe WeQdeQc\ fRU LQdLYLdXaOV WR aVVRcLaWe ZLWK RWKeUV PRUe OLNe WKePVeOYeV,

aQd RXWJURXS aYeUVLRQ, WKe deVLUe WR QRW eQJaJe LQ acWLYLWLeV aVVRcLaWed ZLWK WKe RXWJURXS, aUe

e[aPSOeV Rf RWKeU SURSeUWLeV WKaW cKaQJe WKe LQWeUacWLRQV beWZeeQ LQdLYLdXaOV WKaW WKeVe PRdeOV

caQ aOVR LQcRUSRUaWe (SPaOdLQR aQd JRQeV 2021; SPaOdLQR eW aO. 2017).

CXOWXUaO eYROXWLRQaU\ PRdeOV, PRdeOV WKaW deOLQeaWe cKaQJe LQ cXOWXUaO WUaLWV RYeU WLPe,

KaYe QRW \eW becRPe SURPLQeQW aPRQJ UeVeaUcKeUV ZKR LPSOePeQW beKaYLRU-cKaQJe PRdeOV.

CXOWXUaO eYROXWLRQaU\ PRdeOV ZeUe fLUVW SURSRVed aV aQ aQaORJXe WR WKeRUeWLcaO SRSXOaWLRQ

JeQeWLcV, WR LOOXVWUaWe KRZ cXOWXUaO WUaLWV cRXOd be WUaQVPLWWed²aQd be VXbMecW WR eYROXWLRQaU\

fRUceV²LQ a Za\ WKaW RfWeQ SaUaOOeOV bLRORJLcaO eYROXWLRQ (CaYaOOL-SfRU]a aQd FeOdPaQ 1973;

CaYaOOL-SfRU]a aQd FeOdPaQ 1973; CUeaQ]a aQd FeOdPaQ 2016). T\SLcaOO\, beKaYLRU cKaQJe

PRdeOV dR QRW accRXQW fRU facWRUV VXcK aV LQWeUJeQeUaWLRQaO effecWV, QRQUaQdRP aVVRUWPeQW LQ

LQWeUacWLRQV RU PaWLQJ SUefeUeQceV, aQd bLaVed WUaQVPLVVLRQ Rf beKaYLRUaO WUaLWV. CXOWXUaO

eYROXWLRQ PRdeOV aUe abOe WR UeadLO\ accRXQW fRU WKeVe facWRUV aQd WKXV aOORZ XV WR WUacN WKe

eYROXWLRQ Rf KeaOWK beOLefV aQd beKaYLRUV (CUeaQ]a, KRORdQ\, aQd FeOdPaQ 2017). TKeVe W\SeV Rf

PRdeOV aUe aOVR abOe WR caSWXUe WKe effecWV Rf YeUWLcaO aQd LQWeUJeQeUaWLRQaO WUaQVPLVVLRQ aV ZeOO

aV RbOLTXe (cRPPXQLW\) LQfOXeQceV (L. L. CaYaOOL-SfRU]a aQd FeOdPaQ 1981; BR\d aQd RLcKeUVRQ

1988; CUeaQ]a, KRORdQ\, aQd FeOdPaQ 2017). TKLV LV LPSRUWaQW ZKeQ PRdeOLQJ YaccLQaWLRQ

cXOWXUeV, aV SaUeQWV¶ YaccLQe decLVLRQV KaYe beeQ VKRZQ WR be LQfOXeQced b\ JUaQdSaUeQWV

(KaUWKLJeVX, CKLVKROP, aQd CRaOO 2018) aQd QRQ-faPLO\ LQfOXeQceV (DXbp eW aO. 2013). IQVLJKWV

fURP cXOWXUaO eYROXWLRQ KaYe beeQ XVed WR TXaQWLf\ WKe YLUaO VSUead Rf LQfRUPaWLRQ (BaUNRZ,

O¶GRUPaQ, aQd ReQdeOO 2012) ZKLcK LV Rf SaUWLcXOaU cRQceUQ LQ XQdeUVWaQdLQJ YaccLQe adRSWLRQ

aQd WKe VSUead Rf YaccLQe KeVLWaQc\. CXOWXUaO eYROXWLRQaU\ PRdeOV KROd WKe SRWeQWLaO WR SURYLde

XQLTXe LQVLJKWV LQWR WKe cRPSOe[LW\ Rf KXPaQ KeaOWK-VSecLfLc beKaYLRU.
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ReVeaUch AiPV aQd DiVVeUWaWiRQ SWUXcWXUe

AV KXPaQ beKaYLRU addV cRPSOe[LW\ WR dLVeaVe d\QaPLcV, LW LV LPSeUaWLYe WKaW Ze QRW

RQO\ cRQWLQXe WR LQcOXde beKaYLRUaO effecWV LQ PRdeOV Rf dLVeaVe, bXW aOVR cRQVLdeU WKe fRUceV

beKLQd WKeVe eYROYLQJ beKaYLRUV. DLVeaVe VSUead aQd KXPaQ beKaYLRU aUe VWXdLed acURVV a YaULeW\

Rf dLVcLSOLQeV, eacK addLQJ XQLTXe LQVLJKWV WR XQdeUVWaQdLQJ aQd VecXULQJ KXPaQ KeaOWK. M\

dLVVeUWaWLRQ ZRUN SURYLdeV a XQLTXe addLWLRQ WR WKe cROOecWLRQ Rf beKaYLRU-cKaQJe PRdeOV aQd

YaccLQaWLRQ/YaccLQe KeVLWaQc\ PRdeOV, b\ LQWeUWZLQLQJ PaWKePaWLcaO aQd cXOWXUaO eYROXWLRQ

PeWKRdV aQd WKeRU\ ZLWK VRcLaO aQd beKaYLRUaO VcLeQce. M\ ZRUN aOVR aLPV WR XQcRYeU SRWeQWLaO

cXOWXUaO dULYeUV Rf XQe[SecWed YaccLQaWLRQ eQYLURQPeQWV, VXcK aV decUeaVLQJ YaccLQe cRQfLdeQce

LQ KLJKO\ YaccLQaWed SRSXOaWLRQV RU YLce YeUVa.

IQ Chapter 2, I aLP WR VKRZ WKaW a cXOWXUaO eYROXWLRQaU\ fUaPeZRUN LV a URbXVW Za\ WR

PRdeO VceQaULRV LQ ZKLcK SaUeQWaO beKaYLRUV UeJaUdLQJ WKeLU cKLOdUeQ aUe LQfOXeQced, bXW QRW fXOO\

dLcWaWed, b\ WKeLU beOLefV. E[aPSOeV Rf WKLV beOLef-beKaYLRU LQWeUacWLRQ LQcOXde beOLefV VXUURXQdLQJ

YaULRXV aVSecWV Rf cKLOdUeaULQJ VXcK aV fRUPXOa feedLQJ, VOeeS WUaLQLQJ, cLUcXPcLVLRQ, aWWacKPeQW

SaUeQWLQJ, aQd KRPeVcKRROLQJ, aV ZeOO aV cKLOdKRRd YaccLQaWLRQ adRSWLRQ aQd WKe VSUead Rf

YaccLQe KeVLWaQc\, ZKLcK LV WKe fRcaO e[aPSOe Rf P\ ZRUN. WLWK WKeVe VWXdLeV, I e[SORUe KRZ WKe

LQWeUSOa\ Rf LQWeUJeQeUaWLRQaO d\QaPLcV, YaccLQe SeUceSWLRQ aQd aVVRUWaWLYe PaWLQJ affecW

YaccLQaWLRQ adRSWLRQ aQd YaccLQe KeVLWaQc\.

VaccLQaWLRQ beKaYLRUV KaYe VKLfWed WKURXJKRXW KLVWRU\ LQ UeVSRQVe WR cKaQJLQJ

YaccLQaWLRQ SROLcLeV. TKeVe VKLfWV, LQ WKe ORQJ WeUP, UeVXOW LQ WKe fRUPaWLRQ Rf YaU\LQJ aQd

VRPeWLPeV XQe[SecWed YaccLQe beOLef-beKaYLRU d\QaPLcV cXOWXUeV. TKeUefRUe, LQ Chapter 3, I

e[aPLQe KRZ e[WeUQaO fRUceV, VXcK aV YaccLQaWLRQ PaQdaWeV aQd YaccLQe LQacceVVLbLOLW\, LQWeUacW

ZLWK VRcLaO facWRUV WR affecW WKe YaccLQaWLRQ beOLef-beKaYLRU eTXLOLbULXP.

FLQaOO\, LQ Chapter 4, I XVe aJeQW-baVed PRdeOLQJ WR e[SORUe WKe d\QaPLcV Rf QRYeO

YaccLQe XSWaNe ZLWK WKe cRQVLdeUaWLRQ Rf YaULRXV decLVLRQ bLaVeV SUeVeQW LQ a SRSXOaWLRQ aV ZeOO

aV WKe effecWV Rf LQdLYLdXaOV RXWVLde Rf WKe fRcaO SRSXOaWLRQ ZLWK RXWVL]ed cXOWXUaO LQfOXeQce

(³LQfOXeQceUV´). COVID-19 PaQaJePeQW KaV LQYROYed WKe deYeORSPeQW aQd deSOR\PeQW Rf QeZ

YaccLQeV. TKe QRYeOW\ Rf WKe COVID-19 YaccLQe KaV Pade LWV acceSWaQce PRUe XQceUWaLQ

cRPSaUed WR WKe acceSWaQce Rf eVWabOLVKed YaccLQeV. TKe LQWeUSOa\ Rf cRJQLWLYe bLaVeV cRXOd

SaUWLaOO\ e[SOaLQ fOXcWXaWLRQV LQ YaccLQaWLRQ UaWeV aQd WKe faLOXUe WR acKLeYe KeUd LPPXQLW\.
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GLYeQ, aV I deVcULbed abRYe, WKaW YaccLQeV WKaW KaYe QRZ beeQ acceSWed aV SaUW Rf WKe KeaOWK

cXOWXUe LQ deYeORSed cRXQWULeV ZeUe WKePVeOYeV RQce QRYeO aQd PeW ZLWK RXWVSRNeQ cULWLcLVP, I

VRXJKW WR bXLOd a PRdeO WKaW cRXOd VSecXOaWe RQ WKe WLPe LW WaNeV fRU KeUd LPPXQLW\ WR be

acKLeYed LQ aQ eQYLURQPeQW Rf LQcUeaVed beKaYLRUaO VWRcKaVWLcLW\.

TR cRQcOXde, LQ Chapter 5, I dUaZ OLQNV beWZeeQ CKaSWeUV 2-4, dLVcXVV WKe LPSOLcaWLRQV

Rf WKe PRdeOV SUeVeQWed WKeUeLQ, aQd VXJJeVW aYeQXeV fRU fXWXUe VWXd\.
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CHAPTER 2.

A CULTURAL EVOLUTIONARY MODEL OF THE INTERACTION BETWEEN

PARENTAL BELIEFS AND BEHAVIORS, WITH APPLICATIONS TO VACCINE

HESITANCY

KeUUL-AQQ AQdeUVRQ1 aQd NLcROe CUeaQ]a1

1VaQdeUbLOW UQLYeUVLW\ DeSaUWPeQW Rf BLRORJLcaO ScLeQceV, 465 21VW AYe. SRXWK, NaVKYLOOe, TN

37240

AdaSWed fURP AQdeUVRQ, K. A., & CUeaQ]a, N. (2023). A cXOWXUaO eYROXWLRQaU\ PRdeO Rf WKe

LQWeUacWLRQ beWZeeQ SaUeQWaO beOLefV aQd beKaYLRUV, ZLWK aSSOLcaWLRQV WR YaccLQe KeVLWaQc\.

TKeRUeWLcaO PRSXOaWLRQ BLRORJ\. KWWSV://dRL.RUJ/10.1016/M.WSb.2023.04.003

14



IQWURdXcWiRQ

NLcKe cRQVWUXcWLRQ LV a SURceVV LQ ZKLcK RUJaQLVPV PRdLf\ WKeLU ORcaO eQYLURQPeQW, WKXV

aOWeULQJ VeOecWLRQ SUeVVXUeV RQ WKePVeOYeV aQd WKe RWKeU RUJaQLVPV LQ WKaW eQYLURQPeQW (K.

LaOaQd, MaWWKeZV, aQd FeOdPaQ 2016; JRKQ OdOLQJ-SPee, LaOaQd, aQd FeOdPaQ 2013).

MaWKePaWLcaO PRdeOV Rf QLcKe cRQVWUXcWLRQ KaYe WUadLWLRQaOO\ beeQ XVed LQ a bLRORJLcaO aQd

ecRORJLcaO cRQWe[W, ZLWK RUJaQLVPV aOWeULQJ WKeLU SK\VLcaO eQYLURQPeQW. IQ cXltXral QLcKe

cRQVWUXcWLRQ, KXPaQV PRdLf\ WKeLU cXOWXUaO eQYLURQPeQWV²VXcK aV WKeLU beOLefV, beKaYLRUV,

SUefeUeQceV, aQd VRcLaO cRQWacWV²LQ Za\V WKaW VXbVeTXeQWO\ aOWeU eYROXWLRQaU\ SUeVVXUeV RQ

WKePVeOYeV aQd/RU WKeLU cXOWXUe (JRKQ OdOLQJ-SPee, LaOaQd, aQd FeOdPaQ 2013). SLQce KXPaQ

eYROXWLRQ LV aOVR dLUecWed b\ KXPaQ cXOWXUe, PRdeOV LQcRUSRUaWLQJ WKeVe W\SeV Rf cXOWXUaO

eYROXWLRQaU\ d\QaPLcV KaYe beeQ e[SaQded WR eQcRPSaVV a bURad UaQJe Rf VceQaULRV LQ ZKLcK

eYROXWLRQaU\ SUeVVXUeV aUe aOWeUed b\ QRQ-JeQeWLc WUaLWV, ZLWK aSSOLcaWLRQV WR UeOLJLRQ, feUWLOLW\,

aQd WKe eYROXWLRQ Rf OaUJe-VcaOe KXPaQ cRQfOLcW (FRJaUW\ aQd CUeaQ]a 2017; JRKQ OdOLQJ-SPee,

LaOaQd, aQd FeOdPaQ 2013; O¶BULeQ eW aO. 2012; FXeQWeV 2013; CUeaQ]a, FRJaUW\, aQd FeOdPaQ

2012; CUeaQ]a aQd FeOdPaQ 2014). UVLQJ a QLcKe cRQVWUXcWLRQ fUaPeZRUN aOORZV fRU WKe

e[SORUaWLRQ Rf a bURad UaQJe Rf cRPSOe[ feedbacN VceQaULRV LQ cXOWXUaO eYROXWLRQ. HeUe, Ze

SURSRVe a cXOWXUaO QLcKe cRQVWUXcWLRQ PRdeO Rf WKe LQWeUacWLRQV beWZeeQ beOLefV aQd beKaYLRUV,

ZKeUe a beOLef caQ be defLQed aV aQ LQdLYLdXaO¶V VWaQce LQ eLWKeU VXSSRUWLQJ RU RSSRVLQJ a

SaUWLcXOaU beKaYLRU. IQ WKLV W\Se Rf PRdeO, aQ LQdLYLdXaO¶V beOLefV caQ LQfOXeQce WKeLU beKaYLRUV,

aQd WKeVe beOLef-beKaYLRU LQWeUacWLRQV caQ be affecWed b\ aQd VKaSe WKe bURadeU cXOWXUaO aQd

bLRORJLcaO OaQdVcaSe. We aSSO\ WKLV PRdeO WR WKe LQWeUacWLRQV beWZeeQ YaccLQe-UeOaWed beOLefV,

VXcK aV YaccLQe RSSRVLWLRQ b\ LQdLYLdXaO SaUeQWV, aQd YaccLQaWLRQ beKaYLRUV, VXcK aV a SaLU Rf

SaUeQWV YaccLQaWLQJ WKeLU RffVSULQJ. MRdeOLQJ WKe beOLef-beKaYLRU LQWeUacWLRQV XQdeUO\LQJ

YaccLQaWLRQ cRYeUaJe XVLQJ a cXOWXUaO eYROXWLRQ fUaPeZRUN aOORZV XV WR beWWeU XQdeUVWaQd KRZ

YaccLQaWLRQ ³cXOWXUeV´ aUe fRUPed aQd KRZ WKe\ caQ be WUaQVfRUPed WR SURPRWe SXbOLc KeaOWK.

UQdeUVWaQdLQJ YaccLQaWLRQ beKaYLRUV LV a cUXcLaO aVSecW Rf SUeYeQWLQJ LQfecWLRXV dLVeaVe

RXWbUeaNV. TKe LPSOePeQWaWLRQ Rf cKLOdKRRd YaccLQaWLRQ SROLcLeV KaV Oed WR WKe eUadLcaWLRQ Rf

VPaOOSR[ aQd WKe eOLPLQaWLRQ Rf SROLRP\eOLWLV (SROLR) LQ WKe UQLWed SWaWeV (FeQQeU 1982;

KLP-FaUOe\ eW aO. 1984; D. SaON 1980). TKe KLJK effLcac\ Rf WKe PeaVOeV YaccLQe, cRPbLQed ZLWK

ZLde YaccLQe acceSWaQce LQ deYeORSed cRXQWULeV, Kad UeVXOWed LQ PeaVOeV SUeYLRXVO\ beLQJ

WaUJeWed fRU eOLPLQaWLRQ b\ 2020 (TKRPSVRQ eW aO. 2013). HRZeYeU, RYeU WKe SaVW decade, WKeUe
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KaV beeQ a UeVXUJeQce Rf YaccLQe-SUeYeQWabOe dLVeaVeV (VPDV) LQ deYeORSed cRXQWULeV deVSLWe WKe

VafeW\ aQd effLcac\ Rf YaccLQeV aQd KLJK RYeUaOO cKLOdKRRd YaccLQaWLRQ UaWeV (AWZeOO aQd SaOPRQ

2014; KXbLQ 2019; FaOaJaV aQd ZaUNadRXOLa 2008; DXbp eW aO. 2013). VaccLQe KeVLWaQc\, QaPed

RQe Rf WKe WRUOd HeaOWK OUJaQL]aWLRQ¶V WeQ WKUeaWV WR JORbaO KeaOWK LQ 2019 (ScKeUeV aQd

KXV]eZVNL 2019), LV beOLeYed WR be UeVSRQVLbOe fRU decUeaVLQJ YaccLQaWLRQ cRYeUaJe aQd WKXV

LQcUeaVLQJ WKe ULVN Rf YaccLQe-SUeYeQWabOe dLVeaVe RXWbUeaNV ZRUOdZLde (GOaQ] eW aO. 2009).

VaccLQe KeVLWaQc\ LV a cRPSOe[ aQd cRQWe[W-VSecLfLc LQdLYLdXaO aWWLWXde LQfOXeQced b\ PXOWLSOe

facWRUV, VXcK aV cRPSOaceQc\ (WKe beOLef WKaW YaccLQaWLRQ LV XQQeceVVaU\ ZKeQ WKe SeUceLYed ULVN

Rf VPDV LV ORZ), cRQYeQLeQce (WKe acceVVLbLOLW\ aQd affRUdabLOLW\ Rf YaccLQeV), aQd cRQfLdeQce

(WKe OeYeO Rf WUXVW LQ WKe effLcac\ aQd VafeW\ Rf WKe YaccLQe, aQd LQ WKe KeaOWKcaUe V\VWeP)

(MacDRQaOd aQd SAGE WRUNLQJ GURXS RQ VaccLQe HeVLWaQc\ 2015; DXbp eW aO. 2013).

AddLWLRQaOO\, aQWL-YaccLQe VeQWLPeQWV aUe VWLOO RQ WKe ULVe deVSLWe ZeOO-dRcXPeQWed YaccLQe

effLcac\ aQd VafeW\, LQcOXdLQJ QXPeURXV VWXdLeV debXQNLQJ WKe VSXULRXV cRQQecWLRQ beWZeeQ

YaccLQeV aQd aXWLVP (EJJeUWVRQ 2010) aQd RWKeU aQWL-YaccLQaWLRQ aUJXPeQWV (RaR aQd AQdUade

2011). TKe VSUead Rf WKeVe VeQWLPeQWV aQd dLVeaVe RXWbUeaN ULVN aUe fXUWKeU e[aceUbaWed b\

KRPRSKLO\²WKe WeQdeQc\ Rf LQdLYLdXaOV WR cKRRVe VRcLaO cRQWacWV aQd PaWeV ZKR aUe VLPLOaU WR

WKePVeOYeV (BXUOe\ 1983; CUeaQ]a aQd FeOdPaQ 2014; CUeaQ]a, FRJaUW\, aQd FeOdPaQ 2012;

GLPeOfaUb 1988). NeWZRUN-baVed VLPXOaWLRQV VXJJeVW WKaW LQdLYLdXaOV ZLWK VLPLOaU

YaccLQe-KeVLWaQW RSLQLRQV fRUP JURXSV WKaW aUe PRUe VXVceSWLbOe WR YaccLQe-SUeYeQWabOe dLVeaVeV,

LPSedLQJ WKe aWWaLQPeQW Rf KeUd LPPXQLW\ aQd VXbVWaQWLaOO\ LQcUeaVLQJ WKe OLNeOLKRRd Rf dLVeaVe

RXWbUeaN LQ WKeVe cOXVWeUV (SaOaWKp aQd BRQKReffeU 2008).

IW KaV becRPe LQcUeaVLQJO\ cRPPRQ fRU eSLdePLRORJLcaO PRdeOV WR LQcRUSRUaWe aVSecWV Rf

KXPaQ beKaYLRU aQd beKaYLRUaO UeVSRQVe WR dLVeaVe (e.J (PeUUa eW aO. 2011; MaR aQd YaQJ 2012b;

BaXcK 2005; CKaXKaQ, MLVUa, aQd DKaU 2014; FXQN, SaOaWKp, aQd JaQVeQ 2010; TaQaNa, KXPP,

aQd FeOdPaQ 2002)), ZLWK YaccLQaWLRQ aQd VRcLaO dLVWaQcLQJ beLQJ WKe PRVW cRPPRQ fRUPV Rf

dLVeaVe LQWeUYeQWLRQV PRdeOed (VeUeOVW, WLOOeP, aQd BeXWeOV 2016; FeQLcKeO eW aO. 2011; A]L]L eW

aO. 2022). A VeULeV Rf cRPSaUWPeQWaO PRdeOV KaYe UeSUeVeQWed WKe VSUead Rf dLVeaVe aQd WKe

VSUead Rf eLWKeU beOLefV RU beKaYLRUV aV ³cRXSOed cRQWaJLRQV´, ZKeUe LQdLYLdXaOV LQ WKe PRdeO caQ

be ³LQfecWed´ b\ cXOWXUaO facWRUV VXcK aV YaccLQe KeVLWaQc\, feaUV, LQfRUPaWLRQ, RU KeaOWK-UeOaWed

beKaYLRUV, ZKLcK caQ aOWeU WKe OLNeOLKRRd Rf beLQJ LQfecWed b\ WKe dLVeaVe (ESVWeLQ, HaWQa, aQd

CURdeOOe 2021; SPaOdLQR aQd JRQeV 2021; ESVWeLQ eW aO. 2008a; MeKWa aQd RRVeQbeUJ 2020).
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TKeVe cRXSOed cRQWaJLRQ PRdeOV KaYe LOOXVWUaWed WKaW WKe VSUead Rf aQWL-YaccLQe VeQWLPeQW cRXOd

caXVe eSLdePLcV WKaW ZRXOd RWKeUZLVe QRW KaYe RccXUUed (MeKWa aQd RRVeQbeUJ 2020). TKeVe

PRdeOV caQ aOVR LQcRUSRUaWe RWKeU SURSeUWLeV WKaW cKaQJe WKe LQWeUacWLRQV beWZeeQ LQdLYLdXaOV,

VXcK aV KRPRSKLO\ aQd RXWJURXS aYeUVLRQ (SPaOdLQR aQd JRQeV 2021).

TUadLWLRQaOO\, PRVW ³beKaYLRU cKaQJe PRdeOV´ aLP WR deVcULbe WKe adRSWLRQ Rf QeZ

beKaYLRU LQ UeVSRQVe WR a dLVeaVe RU WR QRQ-dLVeaVe LQfOXeQceV, XVLQJ a JaPe-WKeRUeWLc fUaPeZRUN

(MaUVKaOO eW aO. 2012; MRULQ eW aO. 2010; GUa\ eW aO. 2011). HRZeYeU, JaPe WKeRUeWLc PRdeOV caQ

PaNe XQUeaOLVWLc aVVXPSWLRQV VXcK aV SRSXOaWLRQ KRPRJeQeLW\, aV ZeOO aV UaWLRQaO aQd cRVW

PLQLPL]LQJ decLVLRQ PaNLQJ (VeUeOVW, WLOOeP, aQd BeXWeOV 2016). NeWZRUN PRdeOV KaYe aLPed

WR LPSURYe XSRQ WKeVe aVVXPSWLRQV, fRU e[aPSOe, b\ accRXQWLQJ fRU KeWeURJeQeLW\ aQd LPLWaWLRQ

beKaYLRU (NdeffR MbaK eW aO. 2012). TKeVe beKaYLRU cKaQJe PRdeOV, KRZeYeU, W\SLcaOO\ fRcXV RQ

a VLQJOe JeQeUaWLRQ Rf a SRSXOaWLRQ, ZKeUeaV cXOWXUaO eYROXWLRQ PRdeOV caQ accRXQW fRU

LQWeUJeQeUaWLRQaO effecWV, aOORZLQJ XV WR WUacN WKe eYROXWLRQ Rf YaccLQaWLRQ beOLefV aQd fXWXUe

YaccLQaWLRQ beKaYLRUV. TKXV, Ze aLP WR dLYeUVLf\ WKe SRRO Rf dLVeaVe-UeOaWed beKaYLRU cKaQJe

PRdeOV b\ ePSOR\LQJ a cXOWXUaO eYROXWLRQ fUaPeZRUN ZKLcK aOORZV SaUeQWaO beKaYLRUV WR affecW

RffVSULQJ aQd accRXQWV fRU SaUeQWaO WUaQVPLVVLRQ Rf cXOWXUaO beOLefV. IW LV LPSRUWaQW WR XQdeUVWaQd

KRZ SaUeQWV¶ beOLefV, ZKLcK Pa\ dLffeU fURP RQe aQRWKeU, LQWeUacW ZLWK WKeLU SeUceSWLRQV Rf WKe

UeOaWLYe ULVNV Rf dLVeaVe aQd YaccLQeV WR VKaSe WKe decLVLRQ WR YaccLQaWe WKeLU cKLOdUeQ, ZKLcK LQ

WXUQ affecWV WKe fXWXUe ULVN Rf YaccLQe-SUeYeQWabOe dLVeaVe RXWbUeaNV. IQdeed, beOLef V\VWePV caQ

acW aV WKe PaLQ baUULeU WR YaccLQaWLRQ, aV RSSRVed WR OacN Rf YaccLQe acceVV, SaUWLcXOaUO\ LQ

ZeaOWKLeU cRXQWULeV (SaOaWKp aQd BRQKReffeU 2008; Ma\ aQd SLOYeUPaQ 2003). FRU e[aPSOe,

LQcUeaVLQJ UaWeV Rf QRQ-PedLcaO e[ePSWLRQ fURP YaccLQeV (e[ePSWLRQ RQ WKe baVLV Rf UeOLJLRXV,

SKLORVRSKLcaO, aQd SeUVRQaO beOLefV), KaYe beeQ RbVeUYed LQ WKe UQLWed SWaWeV (E. WaQJ eW aO.

2014; PKadNe eW aO. 2016). WLWKRXW WKeVe cRQVLdeUaWLRQV, PRdeOV cRPPRQO\ XVed LQ SXbOLc KeaOWK

Pa\ be PLVOeadLQJ; WKXV, XQdeUVWaQdLQJ aQd LQcRUSRUaWLQJ WKe XQdeUO\LQJ KeaOWK cXOWXUeV aQd

WKeLU eYROXWLRQ, LQcOXdLQJ WKe LQWeUSOa\ beWZeeQ beOLefV aQd beKaYLRUV, ZLOO aOORZ XV WR bXLOd

PRUe cRPSUeKeQVLYe aQd UeSUeVeQWaWLYe PRdeOV Rf YaccLQaWLRQ d\QaPLcV aQd beWWeU VXSSRUW

SXbOLc KeaOWK effRUWV.

IQ WKLV VWXd\, Ze SURSRVe a cXOWXUaO eYROXWLRQ fUaPeZRUN WR UeSUeVeQW WKe LQWeUacWLRQV

beWZeeQ SaUeQWaO beOLefV aQd beKaYLRUV, aQd Ze XVe WKLV fUaPeZRUN WR PRdeO WKe VSUead Rf

YaccLQe KeVLWaQc\ aQd cKLOdKRRd YaccLQaWLRQ, LQcRUSRUaWLQJ WKe WUaQVPLVVLRQ Rf YaccLQe aWWLWXdeV
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bRWK fURP SaUeQWV aQd fURP WKe cRPPXQLW\. We aLP WR aVVeVV WKe d\QaPLc LQWeUacWLRQV beWZeeQ

beOLefV (VKaSed b\ VRcLaO LQWeUacWLRQV) aQd beKaYLRUV (LQfOXeQced b\ WKeVe beOLefV). UVLQJ YaccLQe

beOLefV aQd YaccLQaWLRQ beKaYLRUV aV a fRcaO e[aPSOe Rf beOLef-beKaYLRU LQWeUacWLRQV, Ze e[SORUe

WKe VLWXaWLRQV LQ ZKLcK YaccLQe KeVLWaQc\ LV PRVW OLNeO\ WR VSUead, SRWeQWLaOO\ UedXcLQJ cKLOdKRRd

YaccLQaWLRQ UaWeV aQd OeadLQJ WR aQ LQcUeaVe LQ YaccLQe-SUeYeQWabOe dLVeaVe RXWbUeaNV. IQ

addLWLRQ, Ze cRQVLdeU WKaW WKe SeUceSWLRQ Rf WKe UeOaWLYe ULVNV Rf a dLVeaVe aQd LWV SUeYeQWLYe

YaccLQe caQ fOXcWXaWe baVed RQ WKe SUeYaOeQce Rf YaccLQaWLRQ (BaXcK 2005), VXcK WKaW WKe

SRSXOaWLRQ¶V YaccLQaWLRQ cRYeUaJe caQ LQfOXeQce WKe decLVLRQ WR YaccLQaWe RQe¶V cKLOdUeQ. FLQaOO\,

Ze WaNe LQWR accRXQW WKaW WKe decLVLRQ WR YaccLQaWe a cKLOd LV RfWeQ WKe MRLQW cRQVLdeUaWLRQ Rf WZR

LQdLYLdXaOV ZKR PLJKW KaYe dLffeUeQW YaccLQe aWWLWXdeV, aQd Ze fXUWKeU LQcRUSRUaWe KRPRSKLO\

(aVVRUWaWLYe PaWLQJ) WR XQdeUVWaQd KRZ VRcLaO VXbcXOWXUeV PLJKW LQfOXeQce SaUeQWaO beKaYLRUV.

OYeUaOO, Ze SURSRVe WKaW a JeQeUaOL]abOe PRdeOLQJ fUaPeZRUN fRU beOLef-beKaYLRU LQWeUacWLRQV

caQ KeOS LQfRUP SXbOLc KeaOWK VWUaWeJLeV b\ LPSURYLQJ RXU XQdeUVWaQdLQJ Rf WKe cXOWXUaO d\QaPLcV

Rf YaccLQe KeVLWaQc\.

MeWhRdV

A geQeUaOi]ed fUaPeZRUN fRU PRdeOiQg Whe iQWeUacWiRQV beWZeeQ beOiefV aQd behaYiRUV

TR PRdeO WKe cXOWXUaO eYROXWLRQ Rf beOLefV aQd beKaYLRUV, Ze bXLOd RQ WKe cXOWXUaO QLcKe

cRQVWUXcWLRQ fUaPeZRUN Rf (CUeaQ]a, FRJaUW\, aQd FeOdPaQ 2012) WR aVVeVV WKe effecWV Rf SaUeQWaO

aWWLWXdeV RQ YaccLQaWLRQ beKaYLRUV aQd RQ WKe UeVXOWLQJ YaccLQaWLRQ OaQdVcaSe. We XVe WKLV

adaSWed PRdeO WR e[SORUe KRZ YaccLQaWLRQ SaWWeUQV eYROYe LQ a SRSXOaWLRQ ZKeQ a cXOWXUaO WUaLW,

VXcK aV YaccLQe KeVLWaQc\, caQ LQfOXeQce bXW QRW SeUfecWO\ SUedLcW a beKaYLRU, VXcK aV YaccLQaWLQJ

RQe¶V cKLOdUeQ. AV Ze ZLOO deVcULbe, WKe SaUeQWaO beOLefV LQfOXeQce WKeLU OLNeOLKRRd Rf eQacWLQJ a

beKaYLRU WKaW affecWV WKeLU cKLOdUeQ. IQ addLWLRQ WR WKe OLQNV beWZeeQ YaccLQe KeVLWaQc\ aQd

cKLOdKRRd YaccLQaWLRQ beKaYLRUV, ZKLcK Ze e[SORUe LQ deWaLO beORZ, e[aPSOeV Rf WKLV W\Se Rf

beOLef-beKaYLRU LQWeUacWLRQ LQcOXde beOLefV VXUURXQdLQJ dLYeUVe aVSecWV Rf cKLOdUeaULQJ VXcK aV

fRUPXOa feedLQJ, VOeeS WUaLQLQJ, cLUcXPcLVLRQ, aWWacKPeQW SaUeQWLQJ, aQd KRPeVcKRROLQJ, ZKLcK

LQfOXeQce bXW dR QRW SeUfecWO\ SUedLcW a SaUeQW¶V OLNeOLKRRd Rf eQacWLQJ WKe aVVRcLaWed beKaYLRUV.

TKXV, Ze fLUVW deVcULbe WKe PRdeO aV a JeQeUaO fUaPeZRUN fRU beOLef-beKaYLRU LQWeUacWLRQV, aQd

WKeQ Ze RXWOLQe PRdLfLcaWLRQV WR WKe PRdeO WKaW eQabOe XV WR aSSO\ LW WR YaccLQe KeVLWaQc\ aQd

SaUeQWaO YaccLQaWLRQ beKaYLRUV.

18

https://paperpile.com/c/PPmoaU/bDeXB
https://paperpile.com/c/PPmoaU/oizob


We cRQVLdeU WZR cXOWXUaO WUaLWV: V, a WUaLW WKaW accRXQWV fRU WKe effecW Rf a SaUeQWaO

beKaYLRU RQ RffVSULQJ, aQd A, a beOLef WUaLW WKaW caQ be WUaQVPLWWed WR RffVSULQJ. EacK WUaLW KaV WZR

SRVVLbOe VWaWeV, V+ (affecWed b\ WKe SaUeQWaO beKaYLRU) RU Ví (XQaffecWed) aQd A+ (a beOLef

VXSSRUWLQJ WKe beKaYLRU) RU Aí (RSSRVLQJ), UeVSecWLYeO\. IQ RWKeU ZRUdV, ZKeQ SaUeQWV ZKR eLWKeU

VXSSRUW RU RSSRVe WKe fRcaO beKaYLRU decLde WR eQacW WKe fRcaO beKaYLRU, WKe cKLOdUeQ aUe affecWed

b\ WKe beKaYLRU aQd acTXLUe WKe V+ VWaWe. PaUeQWV caQ aOVR WUaQVPLW a VXSSRUWLQJ beOLef RU aQ

RSSRVLQJ beOLef WR WKeLU cKLOdUeQ. TKXV, WKeUe aUe fRXU SRVVLbOe SKeQRW\SeV: V+A+ (W\Se 1: affecWed

aQd VXSSRUWLQJ), V+Aí (W\Se 2: affecWed aQd RSSRVLQJ), VíA+ (W\Se 3: XQaffecWed aQd VXSSRUWLQJ),

aQd VíAí (W\Se 4: XQaffecWed aQd RSSRVLQJ), ZKRVe SRSXOaWLRQ fUeTXeQcLeV aUe deQRWed b\ [1, [2,

[3, aQd [4, UeVSecWLYeO\, ZLWK .
𝑖1ࡦ

4

∑ ՠ
𝑖

ࡦ 1

TKe beOLef WUaLW (A) caQ LQfOXeQce WKe d\QaPLcV Rf WKe beKaYLRU WUaLW (V) LQ WZR Za\V: b\

LQfOXeQcLQJ WKe OLNeOLKRRd WKaW cRXSOeV eQacW WKe beKaYLRU, aQd b\ deWeUPLQLQJ ZLWK ZKRP eacK

adXOW ZLOO SUefeUeQWLaOO\ SaLU LQ aVVRUWaWLYe LQWeUacWLRQV. TKe VWaWe Rf WKe beOLef WUaLW (A) LQfRUPV

WKe YaOXe Rf aQ aVVRUWaWLYe PaWLQJ SaUaPeWeU (Įk), ZKLcK PeaVXUeV WKe deSaUWXUe fURP UaQdRP

PaWLQJ. We defLQe a µcKRRVLQJ SaUeQW¶, aUbLWUaULO\, aV WKe fLUVW PePbeU Rf eacK PaWLQJ SaLU. TKe

cKRRVLQJ SaUeQW'V A VWaWe dLcWaWeV WKe OeYeO Rf aVVRUWaWLYe PaWLQJ, WKaW LV, WKe deJUee WR ZKLcK aQ

LQdLYLdXaO Rf a JLYeQ A VWaWe ZLOO SUefeUeQWLaOO\ PaWe ZLWK aQRWKeU LQdLYLdXaO Rf WKe VaPe VWaWe,

e[SUeVVed b\ SaUaPeWeUV Įk ZKeUe k = ^1, 2` aQd 0�Įk�1 (Table S2.1). If WKe cKRRVLQJ SaUeQW LV

A+, WKLV LQdLYLdXaO PaWeV SUefeUeQWLaOO\ ZLWK RWKeU A+ LQdLYLdXaOV ZLWK SURbabLOLW\ Į1, aQd PaWeV

UaQdRPO\ ZLWK SURbabLOLW\ 1íĮ1, ZKeUeaV Lf WKe cKRRVLQJ SaUeQW LV Aí, WKLV LQdLYLdXaO PaWeV

SUefeUeQWLaOO\ ZLWK RWKeU Aí LQdLYLdXaOV ZLWK SURbabLOLW\ Į2, aQd PaWeV UaQdRPO\ ZLWK SURbabLOLW\

1íĮ2. TKeUe aUe VL[WeeQ SRVVLbOe PaWLQJ SaLUV fURP WKe fRXU SKeQRW\SeV deVcULbed, aQd Ze XVe WKe

QRWaWLRQ mi,j WR LQdLcaWe WKe fUeTXeQc\ Rf a PaWLQJ beWZeeQ a cKRRVLQJ SaUeQW Rf W\Se i aQd WKe

VecRQd SaUeQW Rf W\Se j ZKeUe i, j௘=௘^1, 2, 3, 4` (Table S2.1); fRU e[aPSOe, m1,3 UeSUeVeQWV WKe

PaWLQJ fUeTXeQc\ Rf V+A+ ([1) aQd VíA+ ([3).
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Table 2.1: List of parameters, their definitions, and defaXlt or initial YalXes

Parameter Meaning Parameter Meaning

V EffecW Rf SaUeQWaO beKaYLRU (V+

affecWed, Ví XQaffecWed)
IQ RXU fRcaO e[aPSOe: V+

YaccLQaWed, Ví XQYaccLQaWed

A BeOLef WUaLW (A+ VXSSRUWLQJ, Aí

RSSRVLQJ)
IQ RXU fRcaO e[aPSOe: A+ YaccLQe
cRQfLdeQW, Aí YaccLQe KeVLWaQW

Pij MaWLQJ fUeTXeQcLeV (JLYeQ LQ
Table S2.1)

⍺N AVVRUWaWLYe PaWLQJ SaUaPeWeU
(KRPRSKLO\)
DefaXlt: ⍺1= 0, ⍺2= 0

BP,Q PURbabLOLW\ WKaW SaUeQWaO SaLUV
eQacW WKe beKaYLRU, ZKLcK
deSeQdV RQ ZKeWKeU WKe\ ZeUe
affecWed b\ WKe beKaYLRU
WKePVeOYeV LQ cKLOdKRRd (bP) aQd
WKeLU beOLefV (cQ) (JLYeQ LQ Table
S2.2)

CQ PURbabLOLW\ WKaW SaUeQWaO SaLUV
WUaQVPLW µVXSSRUWLQJ¶ beOLef WR
WKeLU cKLOdUeQ
DefaXlt: C0= 0.01, C1= C2 = 0.5,
C3 = 0.99

bP PURbabLOLW\ WKaW SaUeQWaO SaLUV
eQacW WKe beKaYLRU JLYeQ ZKeWKeU
WKe\ ZeUe affecWed b\ WKe
beKaYLRU
DefaXlt: b0= 0.01, b1= b2 = 0.5,
b3 = 0.99

cQ PURbabLOLW\ WKaW SaUeQWaO SaLUV
eQacW WKe beKaYLRU JLYeQ WKeLU
beOLefV
DefaXlt: c0= 0.01, c1= c2 = 0.5, c3
= 0.99

ı CRPSUeKeQVLYe VeOecWLRQ
cReffLcLeQW fRU V+, deSeQdeQW RQ
WKe fUacWLRQ Rf LQdLYLdXaOV
affecWed b\ WKe beKaYLRU (Vee
FigXre 2.1)

ıma[ TKe KLJKeVW addLWLRQaO beQefLW
WKaW caQ be cRQfeUUed b\ WKe
beKaYLRU
DefaXlt: ıma[= 0.1

Initial Phenot\pe FreqXencies [1(V+A+) = 0.81, [2 (V+Aí) = 0.1, [3 (VíA+) =
0.07, [4 (VíAí) = 0.02

SLQce WKe WZR WUaLWV (A aQd V) aUe WUaQVPLWWed YeUWLcaOO\, fRU eacK SKeQRW\Se Ze PXVW

VSecLf\ WKe SURbabLOLW\ WKaW WKe PaWLQJ SURdXceV aQ RffVSULQJ Rf WKaW SKeQRW\Se. TKe VXSSRUWLQJ

beOLef WUaLW (A+) LV WUaQVPLWWed ZLWK SURbabLOLW\ Cn, aQd WKe RSSRVLQJ beOLef WUaLW (Aí) LV

WUaQVPLWWed ZLWK SURbabLOLW\ 1íCn (fRU n௘=௘^0, 1, 2, 3` aV VKRZQ LQ Tables 2.2 aQd Table S2.2). If

C0 = 0, WZR Aí SaUeQWV ZLOO aOZa\V SURdXce Aí RffVSULQJ, aQd Lf C3 = 1, WZR A+ SaUeQWV ZLOO

aOZa\V SURdXce A+ RffVSULQJ. HRZeYeU, Lf C0 > 0, WZR Aí SaUeQWV caQ SURdXce A+ RffVSULQJ aW

VRPe SURbabLOLW\, aQd VLPLOaUO\ Lf C3 < 1, WZR A+ SaUeQWV caQ SURdXce Aí RffVSULQJ ZLWK VRPe

SURbabLOLW\.
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IQ cRQWUaVW, SaUeQWV¶ beOLefV (A), LQ addLWLRQ WR WKeLU RZQ affecWed VWaWeV (V), caQ LQfOXeQce

WKeLU beKaYLRU WRZaUdV WKeLU RffVSULQJ YLa a VeW Rf ³LQfOXeQce SaUaPeWeUV´ WKaW LQfRUP WKeLU

SURbabLOLW\ Rf eQacWLQJ WKe beKaYLRU (V+ ZLWK SURbabLOLW\ Bm,n fRU m, n௘=௘^0, 1, 2, 3`; Table 2.1).

TKe SURbabLOLW\ WKaW eacK PaWLQJ SaLU SURdXceV aQ RffVSULQJ ZLWK WKe V+ WUaLW (L.e. affecWV WKeLU

RffVSULQJ) LV a VcaOed SURdXcW Rf WKe LQfOXeQce Rf SaUeQWaO beOLefV (cn fRU n௘=௘^0, 1, 2, 3`) aQd WKe

LQfOXeQce Rf SaUeQWaO effecW VWaWeV (bm fRU m = ^0, 1, 2, 3`) (Tables 2.2 and Table S2.2). FRU

e[aPSOe, fRU PaWLQJ SaLU V+A+î V+Aí, WKe cRPbLQed effecW VWaWeV (V+ î V+) ZLOO LQfOXeQce WKe

affecWLQJ beKaYLRU b\ b3, aQd WKe cRPbLQed beOLef VWaWeV, (A+ î Aí), ZLOO LQfOXeQce WKe affecWLQJ

beKaYLRU b\ c2. TKeUefRUe, a V+A+î V+Aí PaWLQJ ZLOO SURdXce a V+ RffVSULQJ ZLWK SURbabLOLW\

; WKLV SaLU ZLOO aOVR SURdXce aQ A+ RffVSULQJ ZLWK SURbabLOLW\ C2 baVed RQ WKeLU𝐵
3,2

ࡦ   𝑐
2

𝑏࡟1
3

2ഈ ഉ
cRPbLQed beOLef VWaWeV. TKXV, accRUdLQJ WR WKe PRdeO, WKLV SaLULQJ ZLOO SURdXce a V+A+ RffVSULQJ

ZLWK SURbabLOLW\ B3,2C2 aQd a V+Aí RffVSULQJ ZLWK SURbabLOLW\ B3,2(1íC2). We QRWe WKaW aVVRUWaWLYe

PaWLQJ (Įk>0) ZLOO LQcUeaVe WKe fUeTXeQc\ Rf PaWLQJV beWZeeQ LQdLYLdXaOV WKaW VKaUe a beOLef WUaLW,

ZLWK WKeVe QRQ-UaQdRP LQWeUacWLRQV LQ WXUQ VNeZLQJ beKaYLRUaO RXWcRPeV WRZaUd WKRVe Rf

VaPe-VWaWe cRXSOeV (YLa c0 aQd c3).

TUaQVPLVVLRQ aQd LQfOXeQce SURbabLOLWLeV aUe cRQVWaQW WKURXJKRXW a VLQJOe VLPXOaWLRQ,

ZLWK YaOXeV UaQJLQJ fURP 0 WR 1. AW defaXOW VeWWLQJV, WKe LQfOXeQce SaUaPeWeUV bm aQd cn, aQd WKe

WUaQVPLVVLRQ SaUaPeWeU Cn ZRXOd WaNe WKe fROORZLQJ YaOXeV: C0, b0, c0௘=௘0.01; C1, C2, b1,௘b2, c1,

c2௘=௘0.5; aQd C3, b3, c3௘=௘0.99. IQ RXU PRdeO, WKe LQfOXeQce Rf SaUeQWaO beOLefV (cn) LV JUeaWeU WKaQ WKe

LQfOXeQce Rf ZKeWKeU WKe\ ZeUe affecWed b\ WKe beKaYLRU LQ cKLOdKRRd (bn) RQ WKeLU OLNeOLKRRd Rf

affecWLQJ WKeLU RffVSULQJ ZLWK WKe beKaYLRU. TKeUefRUe, RffVSULQJ beLQJ affecWed b\ WKe beKaYLRU LV

JXaUaQWeed aW VRPe SURbabLOLW\ RQO\ Lf cn > 0.
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Table 2.2: Presence (+) and absence (±) sXbscript assignments. DePRQVWUaWLQJ WKe WUaLW

SUeVeQce (+) aQd abVeQce (±) cRPbLQaWLRQV aVVRcLaWed ZLWK P, Q VXbVcULSWV. FRU e[aPSOe, WKe + î

± cRPbLQaWLRQV LV aVVRcLaWed ZLWK P aQd Q VXbVcULSW YaOXe 2: aQ A+ î A± SaLULQJ WUaQVPLWV A+ aW

SURbabLOLW\ C2. TKLV UXOe aSSOLeV WR SaUaPeWeUV Cn, bm, Bm,n, cn, aV VKRZQ LQ Table S2.2.

SXbVcULSW VaOXe (m,
n; e.J. bm, Cn)

AVVRcLaWed PaLULQJ
(e.J. V î V, A î A)

0 ± î ±

1 ± î +

2 + î ±

3 + î +

TKe cXOWXUaO VeOecWLRQ SUeVVXUe RQ WKe beKaYLRU LV JLYeQ b\ WKe SaUaPeWeU ı, VXcK WKaW WKe

fUeTXeQc\ Rf WKe V+A+ aQd V+Aí SKeQRW\SeV aUe PXOWLSOLed b\ 1+ı afWeU YeUWLcaO cXOWXUaO

WUaQVPLVVLRQ KaV RccXUUed. AW WKe eQd Rf eacK WLPeVWeS, WKe fUeTXeQc\ Rf eacK SKeQRW\Se LV

dLYLded b\ WKe VXP Rf aOO fRXU fUeTXeQcLeV, eQVXULQJ WKaW WKe fUeTXeQcLeV VXP WR 1. TKLV cXOWXUaO

VeOecWLRQ cReffLcLeQW LV LPSOePeQWed LQ WKe VaPe Za\ aV a VeOecWLRQ cReffLcLeQW LQ a

SRSXOaWLRQ-JeQeWLc PRdeO, bXW XQOLNe WKe OaWWeU, LW accRXQWV fRU bRWK bLRORJLcaO fLWQeVV aQd cXOWXUaO

VeOecWLRQ SUeVVXUeV, LQcOXdLQJ SeUceLYed ULVNV RU beQefLWV Rf WKe effecW Rf WKe beKaYLRU LWVeOf,

SeUVRQaO cRVW-beQefLW aQaO\VeV Rf eQacWLQJ WKe beKaYLRU, aQd WKe VWUXcWXUaO RU VRcLeWaO-OeYeO facWRUV

LQfOXeQcLQJ WKe beKaYLRU (PUXLWW, KOLQe, aQd KRYa] 1995; L. L. CaYaOOL-SfRU]a aQd FeOdPaQ

1981). TKe cXOWXUaO VeOecWLRQ (ı) SaUaPeWeU PRdXOaWeV ZKeWKeU WKeUe aUe PRUe RU feZeU affecWed

LQdLYLdXaOV WKaQ e[SecWed: LQ RWKeU ZRUdV, ZKeQ ı>0, LQdLYLdXaOV affecWed b\ SaUeQWaO beKaYLRU

aUe PRUe cRPPRQ LQ a VeW Rf RffVSULQJ WKaQ ZRXOd be e[SecWed VWULcWO\ baVed RQ WKe SaUeQWaO

beOLefV aQd ZKeWKeU WKe SaUeQWV ZeUe affecWed b\ WKe beKaYLRU WKePVeOYeV.

TKXV faU, Ze KaYe deVcULbed YeUWLcaO cXOWXUaO WUaQVPLVVLRQ fURP SaUeQW WR RffVSULQJ. TKe

PRdeO aOVR LQcRUSRUaWeV a VecRQd SKaVe ZLWK cRPPXQLW\ LQfOXeQceV (L.e. LQfOXeQce fURP

QRQ-SaUeQWaO adXOWV), LQ ZKLcK LQdLYLdXaOV caQ cKaQJe WKeLU LQKeULWed beOLefV (A) dXe WR LQfOXeQce

fURP RWKeU adXOWV LQ WKe SRSXOaWLRQ. TKeUe aUe WZR SURbabLOLWLeV aVVRcLaWed ZLWK beOLef

PRdXOaWLRQ: WKe SURbabLOLW\ WKaW aQ RSSRVLQJ (Aí) LQdLYLdXaO adRSWV WKe VXSSRUWLQJ (A+) beOLef

(Aí WR A+ WUaQVLWLRQ SURbabLOLW\, JLYeQ b\ ), aQd WKe SURbabLOLW\ WKaW aQ A+ LQdLYLdXaO𝐴
→𝑆՝՘՘՗՚՜𝑖𝑛𝑔
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adRSWV WKe Aí VWaWe (A+ WR Aí WUaQVLWLRQ SURbabLOLW\, JLYeQ b\ ). TKeVe WUaQVLWLRQV caQ𝐴
→𝑂՘՘՗՛𝑖𝑛𝑔

RccXU aW cRQVWaQW UaWeV RU be UeSUeVeQWed aV fXQcWLRQV Rf WKe fUeTXeQc\ Rf eLWKeU WUaLW LQ WKe

SRSXOaWLRQ, aV Ze RXWOLQe beORZ.

TR cRPSXWe WKe fUeTXeQc\ Rf a JLYeQ SKeQRW\Se LQ WKe Qe[W LWeUaWLRQ, Ze VXP WKe

SURbabLOLW\ WKaW eacK PaWLQJ SaLU SURdXceV RffVSULQJ Rf WKaW SKeQRW\Se RYeU eacK Rf WKe VL[WeeQ

SRVVLbOe PaWLQJ SaLUV. CXOWXUaO VeOecWLRQ (ı), deVcULbed abRYe, WKeQ RSeUaWeV RQ RffVSULQJ ZLWK WKe

V+ WUaLW. TKe fXOO UecXUVLRQV, JLYLQJ [iމ SKeQRW\Se fUeTXeQcLeV LQ WKe Qe[W LWeUaWLRQ LQ WeUPV Rf [i LQ

WKe cXUUeQW LWeUaWLRQ, aUe JLYeQ LQ SXpplementar\ Te[t S2.1. If [iމ LV eTXaO WR [i, WKe V\VWeP LV aW

eTXLOLbULXP. AV Ze dR QRW LQcRUSRUaWe a bLUWK-deaWK SURceVV RU SRSXOaWLRQ aV\QcKURQ\ LQ WKLV

PRdeO, LWeUaWLRQV LQ WKe dLVcUeWe-WLPe fRUPaW Rf RXU PRdeO VKRXOd QRW be VWULcWO\ LQWeUSUeWed aV

\eaUV RU JeQeUaWLRQV. We LQVWead LQWeUSUeW eacK LWeUaWLRQ bURadO\ aV a WLPefUaPe LQ ZKLcK WKe

VSecLfLed cXOWXUaO LQWeUacWLRQV cRXOd RccXU, ZKLcK YaULeV aPRQJ LQdLYLdXaOV, SRSXOaWLRQV, aQd

cXOWXUeV.

MRdeOiQg Whe iQWeUacWiRQV beWZeeQ YacciQe-UeOaWed beOiefV aQd YacciQaWiRQ behaYiRUV

TR PRdeO WKe eYROXWLRQ Rf YaccLQe beOLefV aQd beKaYLRUV, Ze bXLOd RQ WKe cXOWXUaO QLcKe

cRQVWUXcWLRQ fUaPeZRUN deVcULbed abRYe WR aVVeVV WKe effecWV Rf YaccLQe aWWLWXdeV RQ YaccLQaWLRQ

beKaYLRUV aQd RQ WKe UeVXOWLQJ YaccLQaWLRQ cXOWXUe. We XVe WKLV adaSWed PRdeO WR e[SORUe KRZ

YaccLQaWLRQ SaWWeUQV eYROYe LQ a SRSXOaWLRQ ZKeQ a cXOWXUaO WUaLW, VXcK aV YaccLQe KeVLWaQc\, caQ

LQfOXeQce bXW QRW SeUfecWO\ SUedLcW a beKaYLRU, VXcK aV YaccLQaWLQJ RQe¶V cKLOdUeQ. FRU VLPSOLcLW\,

Ze defLQe beOLefV aV RQe Rf WZR YaccLQaWLRQ VWaQceV: VXSSRUWLQJ YaccLQeV (L.e. YaccLQe-cRQfLdeQW

aWWLWXde) aQd RSSRVLQJ YaccLQeV (L.e. YaccLQe-KeVLWaQW aWWLWXde). We aOVR aVVXPe QR JeQdeU-bLaVed

dLffeUeQceV LQ WUaLW WUaQVPLVVLRQ, VXcK WKaW RffVSULQJ aUe eTXaOO\ OLNeO\ WR be YaccLQaWed ZLWK a

YaccLQe-KeVLWaQW PRWKeU aV ZLWK a YaccLQe-KeVLWaQW faWKeU.

TR aSSO\ WKLV PRdeO WR YaccLQe beOLefV aQd YaccLQaWLRQ beKaYLRUV, Ze aVVLJQ SaUaPeWeUV

aV OLVWed LQ Table 2.1, ZLWK V+ beLQJ YaccLQaWed, V± beLQJ XQYaccLQaWed, A+ beLQJ

YaccLQe-cRQfLdeQW aQd A± beLQJ YaccLQe-KeVLWaQW. BecaXVe Rf WKe SaUeQW-WR-RffVSULQJ WUaQVPLVVLRQ

Rf YaccLQaWLRQV LQ RXU PRdeO (L.e. SaUeQWV PaNe a decLVLRQ WR YaccLQaWe WKeLU RffVSULQJ aQd WKaW

RffVSULQJ UePaLQV LPPXQL]ed fRU a VXbVWaQWLaO aPRXQW Rf WLPe), RXU PRdeO LV PRVW UeadLO\

aSSOLcabOe WR eVWabOLVKed cKLOdKRRd YaccLQeV, aV RSSRVed WR a QRYeO YaccLQe VXcK aV WKe

COVID-19 RU aQ aQQXaO YaccLQe VXcK aV WKe LQfOXeQ]a YaccLQe. TKXV, WKe LQLWLaO SKeQRW\Se

23



fUeTXeQcLeV ZeUe eVWLPaWed XVLQJ UeSRUWV Rf MeaVOeV-MXPSV-RXbeOOa (MMR) YaccLQaWLRQ UaWeV

(a91% cRYeUaJe LQ WKe UQLWed SWaWeV) aQd eVWLPaWeV Rf YaccLQe aWWLWXde fUeTXeQcLeV RbWaLQed

fURP YaULRXV VRXUceV LQ WKe OLWeUaWXUe (KeQQed\, BURZQ, aQd GXVW 2005; LeaVN 2011) aQd WKe

CeQWeUV Rf DLVeaVe CRQWURO CKLOdVa[ daWabaVe (HLOO eW aO. 2019, 2017). UQOeVV RWKeUZLVe VWaWed,

WKe PRdeO LV LQLWLaOL]ed ZLWK SKeQRW\SLc fUeTXeQcLeV baVed RQ UQLWed SWaWeV daWa: [1 (fUeTXeQc\ Rf

V+A+) = 0.81, [2 (V+Aí) = 0.1, [3 (VíA+) = 0.07, [4 (VíAí) = 0.02.

TR caSWXUe WKe effecWV Rf KeUd LPPXQLW\ RQ UedXcLQJ YaccLQaWLRQ beKaYLRUV²fRU e[aPSOe,

WKe beOLef WKaW YaccLQeV aUe XQQeceVVaU\ ZKeQ PRVW RWKeUV aUe YaccLQaWed (OPeU eW aO. 2009)²Ze

PaNe WKe cXOWXUaO VeOecWLRQ cReffLcLeQW a YaccLQe-fUeTXeQc\-deSeQdeQW fXQcWLRQ. BecaXVe WKe

cXOWXUaO VeOecWLRQ cReffLcLeQW fRU YaccLQaWLRQ deSeQdV RQ WKe fUacWLRQ Rf WKe SRSXOaWLRQ WKaW LV

aOUead\ YaccLQaWed, Ze caOcXOaWe ı LQ eacK WLPeVWeS aV a fXQcWLRQ Rf WKe cXUUeQW YaccLQaWLRQ

cRYeUaJe (fUeTXeQc\ Rf V+, L.e. [1 + [2), aQd LQ eacK VLPXOaWLRQ Ze VSecLf\ ıma[ aV WKe Pa[LPXP

cXOWXUaO VeOecWLRQ SUeVVXUe fRU JeWWLQJ YaccLQaWed (í1�ıma[�1) (Vee WKe cXOWXUaO VeOecWLRQ

cReffLcLeQW fXQcWLRQ LQ FigXre 2.1). TR LQcRUSRUaWe WKLV UeOaWLRQVKLS LQWR WKe PRdeO, Ze

cRQVWUXcWed a fXQcWLRQ b\ defLQLQJ RXU aVVXPSWLRQV (LQcRUSRUaWLQJ eYROXWLRQaU\ JaPe WKeRU\, e.J.

WKaW KeUd LPPXQLW\ decUeaVeV WKe LQceQWLYe WR YaccLQaWe) aQd WKeQ cKRRVLQJ a cXUYe ZLWK a

WUaMecWRU\ WKaW PeW WKeVe SUe-VSecLfLed cRQdLWLRQV: ZLWK XQYaccLQaWed LQdLYLdXaOV KROdLQJ baVeOLQe

fLWQeVV aW 1, Ze aVVXPe WKaW ZKeQ YaccLQaWLRQ cRYeUaJe LV ORZ, WKe UeaO aQd SeUceLYed beQefLWV Rf

YaccLQaWLRQ aUe KLJKeVW, aQd WKXV, WKe cXOWXUaO VeOecWLRQ SUeVVXUe LV QeaU ıPa[, KRZeYeU, aV

YaccLQaWLRQ cRYeUaJe LQcUeaVeV WRZaUd WKe OeYeO Rf KeUd LPPXQLW\ (fRU VLPSOLcLW\, � 70%

YaccLQaWLRQ cRYeUaJe), WKe SeUceLYed beQefLWV Rf YaccLQaWLRQ decUeaVe aQd WKe cXOWXUaO VeOecWLRQ

SUeVVXUe LV UedXced, L.e. RffVSULQJ caQ be ³fUee ULdeUV,´ UeaSLQJ WKe beQefLWV Rf KLJK YaccLQaWLRQ

cRYeUaJe ZLWKRXW a SeUceLYed YaccLQaWLRQ cRVW WR WKePVeOYeV RU WKeLU SaUeQWV (FigXre 2.1) (BaXcK

aQd BKaWWacKaU\\a 2012).
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FigXre 2.1: CXltXral selection coefficient fXnction. TKe cXOWXUaO VeOecWLRQ cReffLcLeQW fXQcWLRQ

ZaV cRQVWUXcWed b\ fLWWLQJ a cXUYe WR VSecLfLed cRQdLWLRQV, cRQVLdeULQJ bRWK KeaOWK- aQd

QRQ-KeaOWK-UeOaWed effecWV (VeeMethods). TKe VeOecWLRQ cReffLcLeQW (ı; YeUWLcaO a[LV) LV deSeQdeQW

RQ WKe fUeTXeQc\ Rf YaccLQaWed LQdLYLdXaOV (V+) LQ WKe SRSXOaWLRQ (KRUL]RQWaO a[LV). ıPa[ LV WKe

Pa[LPXP cXOWXUaO VeOecWLRQ cReffLcLeQW aVVRcLaWed ZLWK beLQJ YaccLQaWed. PeUceLYed YaccLQe

beQefLW LV UedXced aV YaccLQaWLRQ cRYeUaJe LQcUeaVeV, VLQce WKe QeJaWLYe effecWV Rf WKe dLVeaVe ZLOO

be OeVV aSSaUeQW. NRWe: Of WKe ıPa[ YaOXeV VKRZQ, RQO\ ıPa[ = 0.1 aOORZV WKe cXOWXUaO VeOecWLRQ

SUeVVXUe WR be eLWKeU SRVLWLYe RU QeJaWLYe aW a JLYeQ WLPeSRLQW deSeQdLQJ RQ WKe fUeTXeQc\ Rf

YaccLQaWLRQ.

We aOVR aOORZ LQdLYLdXaOV WR cKaQJe WKeLU beOLefV afWeU YeUWLcaO WUaQVPLVVLRQ, WUaQVLWLRQLQJ

fURP YaccLQe cRQfLdeQce WR KeVLWaQc\ aQd YLce YeUVa. FRU WKLV PaQXVcULSW, Ze KaYe PRdeOed WKe

d\QaPLcV Rf WKeVe WUaQVLWLRQ SURbabLOLWLeV LQ WKUee Za\V, dUaZLQJ RQ e[LVWLQJ OLWeUaWXUe (e.J.

(ESVWeLQ, HaWQa, aQd CURdeOOe 2021; PeUUa eW aO. 2011; NdeffR MbaK eW aO. 2012; JacRbVRQ, SW

SaXYeU, aQd FLQQe\ RXWWeQ 2015)): (1) ZLWK beOLef WUaQVLWLRQ beLQJ deSeQdeQW RQ WKe fUeTXeQc\ Rf

YaccLQaWed (V+) LQdLYLdXaOV LQ WKe SRSXOaWLRQ VXcK WKaW YaccLQe cRQfLdeQce ZaQeV aW KLJK
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YaccLQaWLRQ fUeTXeQcLeV (³KeUd-LPPXQLW\-dULYeQ KeVLWaQc\´ (FigXre 2.2), (2) ZLWK beOLef

WUaQVLWLRQ beLQJ deSeQdeQW RQ WKe fUeTXeQc\ Rf YaccLQaWed (V+) LQdLYLdXaOV LQ WKe SRSXOaWLRQ VXcK

WKaW YaccLQe KeVLWaQc\ ZaQeV aW KLJK YaccLQaWLRQ fUeTXeQcLeV (³YaccLQe-feaU-dULYeQ KeVLWaQc\´

(FigXre S2.1) aQd (3) ZLWK beOLef WUaQVLWLRQ beLQJ deSeQdeQW RQ WKe fUeTXeQc\ Rf

YaccLQe-cRQfLdeQW (A+) LQdLYLdXaOV LQ WKe SRSXOaWLRQ VXcK WKaW YaccLQe KeVLWaQc\ ZaQeV aW KLJK

YaccLQe cRQfLdeQce fUeTXeQcLeV (³RbOLTXeO\ WUaQVPLWWed KeVLWaQc\´ (FigXre S2.2). NRWe WKaW fRU

RXU aSSOLcaWLRQ WR YaccLQe beOLefV aQd cKLOdKRRd YaccLQaWLRQ beKaYLRUV, Ze SULPaULO\ ePSOR\ WKe

³KeUd-LPPXQLW\-dULYeQ KeVLWaQc\´ beKaYLRU-deSeQdeQW fUaPeZRUN WR accRXQW fRU WKe LQfOXeQce Rf

dLVeaVe SUeYaOeQce RXWOLQed LQ FigXre 2.2, ZKeUe LV aQaORJRXV WR , aQd𝐴
→𝑆՝՘՘՗՚՜𝑖𝑛𝑔

𝐴
→𝐶՗𝑛𝑓𝑖𝑑𝑒𝑛՜

WR . AV WKe fUeTXeQc\ Rf YaccLQaWed LQdLYLdXaOV (V+) LQcUeaVeV LQ WKe𝐴
→𝑂՘՘՗՛𝑖𝑛𝑔

𝐴
→𝐻𝑒՛𝑖՜𝑎𝑛՜

SRSXOaWLRQ, cRQfLdeQW LQdLYLdXaOV (A+) aUe PRUe OLNeO\ WR becRPe KeVLWaQW ( SURbabLOLW\𝐴
→𝐻𝑒՛𝑖՜𝑎𝑛՜

LQcUeaVeV) aQd YaccLQe-KeVLWaQW LQdLYLdXaOV (Aí) aUe OeVV OLNeO\ WR becRPe cRQfLdeQW (𝐴
→𝐶՗𝑛𝑓𝑖𝑑𝑒𝑛՜

SURbabLOLW\ decUeaVeV). WKeQ YaccLQaWLRQ cRYeUaJe LV ORZ, Ze aVVXPe LQ WKLV VceQaULR WKaW WKe

QeJaWLYe effecWV Rf WKe dLVeaVe aQd WKe beQefLW Rf WKe YaccLQe aUe PRUe aSSaUeQW aQd WKe WUaQVLWLRQ

WR YaccLQe cRQfLdeQce LV PRUe OLNeO\; RQ WKe RWKeU KaQd, ZKeQ YaccLQaWLRQ cRYeUaJe LV KLJK, WKe

SeUceLYed ULVNV Rf WKe YaccLQe caQ be PRUe VaOLeQW WKaQ WKe ULVNV Rf WKe dLVeaVe, aQd WKe WUaQVLWLRQ

WR KeVLWaQc\ LV PRUe OLNeO\ (CReOKR aQd CRdeoR 2009). SLPLOaU WR WKe cXOWXUaO VeOecWLRQ fXQcWLRQ,

Ze JeQeUaWed WKe beOLef WUaQVLWLRQ fXQcWLRQV b\ fLUVW cKRRVLQJ a baVeOLQe fXQcWLRQ ZLWK a VKaSe

WKaW aOLJQed ZLWK RXU JeQeUaO aVVXPSWLRQV aQd WKeQ PRdLf\LQJ WKe fXQcWLRQ WR fLW VSecLfLc cULWeULa:

1) SURbabLOLWLeV cRXOd aSSURacK ]eUR, bXW QRW eTXaO ]eUR, 2) WUaQVLWLRQ WR VXSSRUWLQJ beOLef aQd

WUaQVLWLRQ WR RSSRVLQJ beOLef aUe eTXaOO\ OLNeO\ aW 50% SRSXOaWLRQ fUeTXeQc\, aQd, VSecLfLcaOO\ fRU

WKe fRcaO e[aPSOe Rf YaccLQaWLRQ, aQd fRU KeUd-LPPXQLW\-dULYeQ KeVLWaQc\ 3) WKaW KLJK

YaccLQaWLRQ fUeTXeQcLeV (abRYe KeUd-LPPXQLW\ OeYeOV Rf YaccLQaWLRQ cRYeUaJe) SURPRWe WKe

WUaQVLWLRQ WR YaccLQe KeVLWaQc\ (JacRbVRQ, SW SaXYeU, aQd FLQQe\ RXWWeQ 2015; KeQQed\, BURZQ,

aQd GXVW 2005). TR VeW aQ XSSeU bRXQd fRU WKe beOLef WUaQVLWLRQ fXQcWLRQV, Ze XVe WKe SeUceQW

dLffeUeQce beWZeeQ YaccLQe UefXVaO UaWeV LQ 1991 aQd 2004 LQ WKe UQLWed SWaWeV WR eVWLPaWe

WUaQVLWLRQ SURbabLOLWLeV beWZeeQ 1±2% (OPeU eW aO. 2009). TKe aVVXPSWLRQV fRU WKe

RbOLTXe-WUaQVPLWWed KeVLWaQc\ fUaPeZRUN aQd YaccLQe-feaU-dULYeQ KeVLWaQc\ fUaPeZRUN aUe

RXWOLQed LQ WKe VXSSOePeQW (FigXre S2.1-S2.2).
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FigXre 2.2: AttitXde transition probabilit\ fXnction (³Herd-immXnit\-driYen hesitanc\´).

AWWLWXde WUaQVLWLRQ SURbabLOLW\ fXQcWLRQV ZeUe cRQVWUXcWed b\ fLWWLQJ a cXUYe WR VSecLfLed YaOXeV

baVed RQ WKe aVVXPSWLRQV SLcWXUed aQd RXWOLQed LQMethods. AWWLWXde WUaQVLWLRQ SURbabLOLW\

(YeUWLcaO a[LV) LV a fXQcWLRQ Rf WKe YaccLQaWLRQ fUeTXeQc\ LQ WKe SRSXOaWLRQ (V+; KRUL]RQWaO a[LV).

TKe SURbabLOLW\ WKaW a YaccLQe-KeVLWaQW LQdLYLdXaO adRSWV YaccLQe cRQfLdeQce (Aí WR A+ WUaQVLWLRQ

SURbabLOLW\, VKRZQ LQ daVKed bOacN) LV deWeUPLQed b\ WKe fXQcWLRQ , aQd WKe SURbabLOLW\𝐴
→𝐶՗𝑛𝑓𝑖𝑑𝑒𝑛՜

WKaW a YaccLQe-cRQfLdeQW LQdLYLdXaO adRSWV YaccLQe KeVLWaQc\ (A+ WR Aí WUaQVLWLRQ SURbabLOLW\,

VKRZQ ZLWK a VROLd bOXe OLQe) LV deWeUPLQed b\ WKe fXQcWLRQ .𝐴
→𝐻𝑒՛𝑖՜𝑎𝑛՜

ReVXOWV

TR WeVW RXU PRdeO, Ze fLUVW LQLWLaOL]ed a SRSXOaWLRQ ZLWK a VeW Rf SKeQRW\Se fUeTXeQcLeV

aQd e[aPLQed WKe cKaQJeV LQ WKeVe fUeTXeQcLeV RYeU WLPe ZLWK a JLYeQ VeW Rf SaUaPeWeUV . TKeQ,

Ze eYaOXaWed WKe effecWV Rf eacK SaUaPeWeU b\ UXQQLQJ VLPXOaWLRQV aW PXOWLSOe SaUaPeWeU

cRPbLQaWLRQV aQd UecRUdLQJ WKe SRSXOaWLRQ fUeTXeQcLeV Rf eacK SKeQRW\Se RQce WKe V\VWeP

aSSURacKed aQ eTXLOLbULXP. IQ RXU fLUVW VeW Rf VLPXOaWLRQV, Ze LQcOXde RQO\ YeUWLcaO WUaQVPLVVLRQ

d\QaPLcV, L.e. RQO\ SaUeQW-WR-RffVSULQJ WUaQVPLVVLRQ, YaU\LQJ SaUaPeWeU YaOXeV LQ WXUQ WR WeVW WKeLU

effecWV RQ SRSXOaWLRQ YaccLQaWLRQ beKaYLRU aQd aWWLWXdeV. IQ WKe YeUWLcaO WUaQVPLVVLRQ SKaVe Rf WKe

PRdeO, SaUeQWV cKRRVe ZKeWKeU WR YaccLQaWe WKeLU RffVSULQJ (L.e., WUaQVPLW V+) RU WR QRW YaccLQaWe

(Ví), aQd SaUeQWV aOVR WUaQVPLW a YaccLQe aWWLWXde (cRQfLdeQce, A+, RU KeVLWaQc\, Aí), eacK ZLWK a
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VSecLfLed SURbabLOLW\ JLYeQ WKe SKeQRW\SeV Rf WKe SaUeQWV. IQ WKe cRPPXQLW\-LQfOXeQce SKaVe Rf

WKe PRdeO, Ze LQcRUSRUaWe WKe LQfOXeQce Rf QRQ-SaUeQWaO adXOWV RQ RffVSULQJ aWWLWXdeV. TKe

SaUeQWaO aWWLWXde VWaWe, YaccLQaWLRQ VWaWXV, aVVRUWaWLYe PaWLQJ OeYeOV, aQd cXOWXUaO VeOecWLRQ

SaUaPeWeUV LQWeUacW WR affecW YaccLQaWLRQ cRYeUaJe (fUeTXeQc\ Rf V+ LQ WKe SRSXOaWLRQ) aQd

YaccLQe cRQfLdeQce (fUeTXeQc\ Rf A+).

TePSRUaO d\QaPicV Rf YacciQe-UeOaWed beOiefV aQd behaYiRUV

TR WeVW ZKeWKeU WKe eTXLOLbULXP SKeQRW\Se fUeTXeQcLeV ZeUe VeQVLWLYe WR VWaUWLQJ

fUeTXeQcLeV, Ze SORWWed WKe d\QaPLcV Rf eacK SKeQRW\Se RYeU WLPe aW defaXOW SaUaPeWeUV (JLYeQ LQ

Table 2.1). FRU eacK VeW Rf LQLWLaO SKeQRW\Se SURSRUWLRQV WeVWed, WKe SKeQRW\Se fUeTXeQcLeV LQ WKe

SRSXOaWLRQ TXLcNO\ adMXVWed WR aSSURacK eTXLOLbULXP YaOXeV aQd WKeQ JUadXaOO\ SOaWeaXed WR a

VWabOe eTXLOLbULXP (YeUWLcaO WUaQVPLVVLRQ: FigXre 2.3 and FigXre S2.3; YeUWLcaO +

KeUd-LPPXQLW\-dULYeQ YaccLQe KeVLWaQc\: FigXre S2.4. TKLV dePRQVWUaWeV WKaW eTXLOLbULXP

fUeTXeQcLeV Rf YaccLQaWLRQ cRYeUaJe aQd YaccLQe cRQfLdeQce aUe deWeUPLQed b\ WKe SaUaPeWeU

cRQdLWLRQV UaWKeU WKaQ b\ WKe LQLWLaO fUeTXeQcLeV.
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FigXre 2.3: EqXilibriXm freqXencies are determined b\ the parameter space, not b\ initial

freqXencies. TKe cKaQJe LQ eacK Rf WKe fRXU SKeQRW\Se fUeTXeQcLeV aQd WKe WRWaO V+ aQd A+

fUeTXeQcLeV (YeUWLcaO a[LV) RYeU 100 LWeUaWLRQV Rf WKe PRdeO Zith Yertical transmission onl\

(KRUL]RQWaO a[LV). Top roZ: IQLWLaO fUeTXeQcLeV aUe YaULed, VXcK WKaW Ze beJLQ eacK VLPXOaWLRQ

ZLWK a dLffeUeQW SKeQRW\Se aW aQ LQLWLaO KLJK fUeTXeQc\ (0.81): V+A+ LQ SaQeO A, V+Aí LQ SaQeO B,

VíA+ LQ SaQeO C, VíAí LQ SaQeO D; WKe UePaLQLQJ SKeQRW\SeV aUe VeW WR ORZeU fUeTXeQcLeV (0.1,

0.07, 0.02). See FigXre S2.3 fRU a fXOO OLVWLQJ Rf WKeVe LQLWLaO fUeTXeQcLeV. Bottom roZ: TKe

Pa[LPXP cXOWXUaO VeOecWLRQ cReffLcLeQW (ıPa[) LV YaULed: E. ıPa[ = í0.1; F. ıPa[ = 0; G. ıPa[ = 0.1;

H. ıPa[ = 0.5. CXOWXUaO VeOecWLRQ aJaLQVW YaccLQaWed LQdLYLdXaOV LQcUeaVeV WKe fUeTXeQc\ Rf VíAí,

decUeaVLQJ WKe RWKeU fUeTXeQcLeV (E), ZKeUeaV LQcUeaVed cXOWXUaO VeOecWLRQ faYRULQJ YaccLQaWed

LQdLYLdXaOV LQcUeaVeV V+A+ fUeTXeQcLeV ZKLOe decUeaVLQJ WKe RWKeU fUeTXeQcLeV (F, G, H). IQ aOO

SaQeOV, WKe UePaLQLQJ SaUaPeWeUV aUe KeOd aW defaXOW YaOXeV (Table 2.1).

LRZ cRQfLdeQce WUaQVPLVVLRQ (C1 = C2 = 0.1, FigXre 2.4A) LQcUeaVeV WKe fUeTXeQc\ Rf

YaccLQe KeVLWaQc\ (A±) LQ WKe SRSXOaWLRQ RYeU WLPe, LQcUeaVLQJ WKe SURbabLOLW\ WKaW PRUe cRXSOeV

cKRRVe QRW WR YaccLQaWe WKeLU RffVSULQJ. HRZeYeU, WKe LQcUeaVe LQ YaccLQe KeVLWaQc\ dReV QRW

RccXU eTXaOO\ LQ YaccLQaWed aQd XQYaccLQaWed LQdLYLdXaOV: A± fUeTXeQc\ Pa\ LQcUeaVe RYeUaOO LQ

WKLV eQYLURQPeQW, bXW V+A± fUeTXeQcLeV aUe ORZeU aQd V±A± fUeTXeQcLeV aUe KLJKeU (cRPSaUed WR

FigXre 2.4B-C aQd FigXre S2.6). AW QeXWUaO cRQfLdeQce WUaQVPLVVLRQ SURbabLOLWLeV (L.e. ZKeQ
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cRXSOeV ZLWK RQe cRQfLdeQW aQd RQe KeVLWaQW SaUeQW aUe eTXaOO\ OLNeO\ WR WUaQVPLW eLWKeU aWWLWXde),

WKeUe LV a KLJKeU cKaQce WKaW WKe YaccLQaWed bXW YaccLQe-KeVLWaQW (V+A±) SKeQRW\Se LV UeSOeQLVKed.

HRZeYeU, Lf YaccLQe cRQfLdeQce LV KLJKO\ WUaQVPLWWed (C1 = C2 = 0.8), WKe V+A± fUeTXeQc\ ZLOO be

UedXced, aV WKLV SKeQRW\Se LV PRUe OLNeO\ WR SURdXce A+ RffVSULQJ WKaQ A±, WKXV LQcUeaVLQJ V+A+

SKeQRW\Se fUeTXeQcLeV LQ WKe SRSXOaWLRQ (FigXre 2.4 aQd FigXre S2.6). If Ze WXUQ WR WKe RWKeU

cRQfOLcWLQJ SKeQRW\Se, XQYaccLQaWed bXW YaccLQe-cRQfLdeQW (V±A+) LQdLYLdXaOV becRPe PRUe

cRPPRQ ZKeQ A+ LQcUeaVeV LQ fUeTXeQc\ LQ WKe SRSXOaWLRQ aV C1 = C2 LQcUeaVeV fURP 0.1 WR 0.5

(FigXre 2.4 aQd FigXre S2.6). IQ cRQWUaVW, KLJKeU YaccLQe cRQfLdeQce WUaQVPLVVLRQ (C1 = C2 = 0.8)

caQ Oead WR a YaccLQaWLRQ-SURPRWLQJ eQYLURQPeQW LQ ZKLcK V± fUeTXeQcLeV aUe UedXced RYeU WLPe;

WKXV WKe V±A+ SKeQRW\Se becRPeV UaUe aQd V+A+ SUedRPLQaWeV (FigXre 2.4 aQd FigXre S2.6).

FigXre 2.4: Temporal effects of confidence transmission. TKe cKaQJe LQ SKeQRW\Se fUeTXeQcLeV

RYeU 50 LWeUaWLRQV aV YaccLQe cRQfLdeQce WUaQVPLVVLRQ LQ PL[ed-aWWLWXde cRXSOeV (C1 = C2) LV

YaULed (A. C1 = C2 = 0.1; B. C1 = C2 = 0.5; C. C1 = C2 = 0.8) Zith Yertical transmission onl\,

ZKLOe RWKeU SaUaPeWeUV aUe KeOd aW defaXOW YaOXeV (Table 2.1). TKe SRSXOaWLRQ eTXLOLbUaWeV aW RYeU

90% A±V± aW ORZ cRQfLdeQce WUaQVPLVVLRQ (A). IQcUeaVLQJ WKe SURbabLOLW\ Rf cRQfLdeQce

WUaQVPLVVLRQ UeVXOWV LQ OeVV YaccLQe KeVLWaQc\ aQd, LQ WXUQ, KLJKeU YaccLQaWLRQ fUeTXeQcLeV (V+A+).

PaUeQW-WR-OffVSUiQg IQWeUacWiRQV (SiPXOaWiRQV ZiWh YeUWicaO WUaQVPiVViRQ RQO\)

Vaccination coYerage increases as Yaccine confidence transmission is more likel\

SLQce RXU aVVeVVPeQW Rf WKe WePSRUaO d\QaPLcV dePRQVWUaWed WKaW RXU VLPXOaWLRQV

aSSURacK VWabOe eTXLOLbULa, Ze WKeQ PRdXOaWed dLffeUeQW VeWV Rf SaUaPeWeUV aQd UecRUded WKe

SKeQRW\Se fUeTXeQcLeV aW eTXLOLbULXP, JeQeUaWLQJ KeaW PaSV VKRZLQJ WKe UeVXOWV acURVV a UaQJe Rf
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SaUaPeWeUV. IQ WKe fLUVW Rf WKeVe, Ze WeVWed WKe UeOaWLRQVKLS beWZeeQ YaccLQaWLRQ SURbabLOLW\ aQd

YaccLQe cRQfLdeQce WUaQVPLVVLRQ. TR dLUecWO\ aOWeU YaccLQaWLRQ SURbabLOLWLeV ZKLOe VWLOO accRXQWLQJ

fRU WKe cRXSOe¶V YaccLQe aWWLWXdeV, Ze VeW UaQJeV Rf YaOXeV fRU Bm,n WKaW YaU\ aORQJ WKe KRUL]RQWaO

a[LV Rf FigXre 2.5, ZLWK WKe YaccLQaWLRQ SURbabLOLW\ fRU WZR KeVLWaQW SaUeQWV (B0,0) RQ WKe ORZeU

eQd Rf WKe UaQJe aQd WKe YaccLQaWLRQ SURbabLOLW\ fRU WZR cRQfLdeQW SaUeQWV (B3,3) RQ WKe KLJKeU eQd

Rf WKe UaQJe (Table S2.3). CRQfLdeQce WUaQVPLVVLRQ SURbabLOLWLeV aUe aOVR VWUXcWXUed LQ WKLV ³UaQJe

VKLfW´ PaQQeU (FigXre 2.5A-B, Table S2.3). If Ze YaU\ bRWK cRQfLdeQce WUaQVPLVVLRQ SaUaPeWeUV

aQd YaccLQaWLRQ SURbabLOLW\ SaUaPeWeUV b\ LPSOePeQWLQJ UaQJe VKLfWV LQ bRWK Cn aQd Bm,n, Ze

RbVeUYe a SRVLWLYe LQWeUacWLRQ beWZeeQ cRQfLdeQce WUaQVPLVVLRQ aQd YaccLQaWLRQ SURbabLOLW\:

YaccLQaWLRQ cRYeUaJe LQcUeaVeV aV eLWKeU Rf WKeVe SaUaPeWeUV aUe LQcUeaVed (FigXre 2.5A).
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FigXre 2.5: Vaccination coYerage leYels are determined b\ an interaction betZeen

confidence transmission and Yaccination probabilit\. HeaWPaSV VKRZLQJ fLQaO YaccLQaWLRQ

cRYeUaJe (A, C) aQd cRUUeVSRQdLQJ YaccLQe cRQfLdeQce (B, D) afWeU 100 WLPe-VWeSV Zith Yertical

transmission onl\. IQ A aQd B, cRQfLdeQce WUaQVPLVVLRQ SURbabLOLWLeV (Cn) aUe VeW ZLWKLQ WKe

UaQJe LQdLcaWed RQ WKe YeUWLcaO a[LV, aQd YaccLQaWLRQ SURbabLOLWLeV (BP,Q) aUe VeW ZLWKLQ WKe UaQJe

LQdLcaWed RQ WKe KRUL]RQWaO a[LV ZLWK B0,0, B1,0, B2,0 aQd B3,0 WaNLQJ WKe ORZeVW YaOXe aQd B3,3 WaNLQJ

WKe KLJKeVW YaOXe (Table S2.3). IQ C aQd D, cRQfLdeQce WUaQVPLVVLRQ LQ PL[ed-aWWLWXde cRXSOeV

(C1 = C2) LV YaULed aORQJ WKe YeUWLcaO a[LV, ZKLOe WKe YaccLQaWLRQ SURbabLOLWLeV (Bm,n) aUe VeW ZLWKLQ

WKe UaQJe LQdLcaWed RQ WKe KRUL]RQWaO a[LV aV LQ A aQd B. (Table S2.3). We VKRZ LQcUeaVed

eTXLOLbULXP YaccLQaWLRQ cRYeUaJe ZLWK LQcUeaVLQJ YaccLQaWLRQ SURbabLOLW\ aQd cRQfLdeQce

WUaQVPLVVLRQ SURbabLOLW\ UaQJeV, ZKLOe cRQfLdeQce OeYeOV aUe SULPaULO\ dLcWaWed b\ SURSRUWLRQ Rf

WKe SRSXOaWLRQ WUaQVPLWWLQJ cRQfLdeQce RU KeVLWaQc\.
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Confidence transmission dominates the Yaccination coYerage and confidence patterns at
eqXilibriXm

HRZeYeU, cRXSOeV ZLWK PL[ed YaccLQaWLRQ aQd/RU aWWLWXde VWaWeV (V+ î Ví, A+ î Aí) aUe

aVVXPed WR be PRUe YaULabOe LQ WKeLU decLVLRQ WR YaccLQaWe WKeLU RffVSULQJ WKaQ SaUeQWV ZKR VKaUe

WKe VaPe VWaWe. TKXV, LQ WKe VLPXOaWLRQV WKaW fROORZ, Ze SULPaULO\ PRdXOaWed WKe VSecLfLc

SURbabLOLWLeV aVVRcLaWed ZLWK WKeVe PL[ed-VWaWe SaLULQJV. IQ FigXre 2.5C-D, Ze YaULed

YaccLQaWLRQ SURbabLOLWLeV (Bm,n) acURVV WKe fXOO UaQJe Rf LQdLYLdXaOV bXW PRdXOaWed cRQfLdeQce

WUaQVPLVVLRQ SURbabLOLWLeV RQO\ fRU PL[ed-aWWLWXde cRXSOeV (C1 = C2), L.e. WKRVe ZLWK RQe

YaccLQe-KeVLWaQW SaUeQW aQd RQe YaccLQe-cRQfLdeQW SaUeQW. IQ WKeVe WeVWV, Ze RbVeUYe LQcUeaVLQJ

eTXLOLbULXP YaccLQaWLRQ cRYeUaJe aV Bm,n SURbabLOLWLeV LQcUeaVe, ZLWK KLJKeU cRYeUaJe LQ

KLJK-cRQfLdeQce WUaQVPLVVLRQ eQYLURQPeQWV (FigXre 2.5C-D).

IQ bRWK afRUePeQWLRQed VLPXOaWLRQV (FigXre 2.5), Ze cRQfLUP YaccLQaWLRQ cRYeUaJe OeYeOV

aUe deWeUPLQed b\ aQ LQWeUacWLRQ beWZeeQ cRQfLdeQce WUaQVPLVVLRQ aQd YaccLQaWLRQ SURbabLOLW\,

ZKeUeaV cRQfLdeQce OeYeOV aUe dLcWaWed SULPaULO\ b\ OeYeOV Rf cRQfLdeQce WUaQVPLVVLRQ. IQ VXP,

WKe deJUee WR ZKLcK SaUeQWV ZLWK PL[ed YaccLQe-KeVLWaQW aQd YaccLQe-cRQfLdeQW aWWLWXdeV WUaQVPLW

YaccLQe cRQfLdeQce LQVWead Rf YaccLQe KeVLWaQc\ WR WKeLU RffVSULQJ LV a Ne\ facWRU LQ deWeUPLQLQJ

SRSXOaWLRQ WUaLW PaMRULWLeV ZKLcK caQ dUaVWLcaOO\ VKLfW SRSXOaWLRQ d\QaPLcV.

We cRPSaUed WKe effecWV Rf YaU\LQJ WKe cRQfLdeQce WUaQVPLVVLRQ SURbabLOLWLeV fRU

PL[ed-aWWLWXde cRXSOeV (C1 aQd C2) LQ cRPbLQaWLRQ ZLWK PXOWLSOe facWRUV: 1) WKe Pa[LPXP

cXOWXUaO VeOecWLRQ cReffLcLeQW (ıPa[) (FigXre 2.6A-B), 2) WKe YaccLQaWLRQ LQfOXeQce SaUaPeWeUV b1
aQd b2 (FigXre 2.6C-D), 3) WKe aWWLWXde LQfOXeQce SaUaPeWeUV c1 aQd c2 (FigXre 2.6E-F), aQd 4)

WKe YaccLQaWLRQ SURbabLOLWLeV Rf cRXSOeV ZLWK PL[ed VWaWeV, B1,1, B1,2, B2,1, B2,2 (FigXre 2.6G-H). IQ

eacK e[aPLQaWLRQ, Ze RbVeUYed a CQ WKUeVKROd: WKeUe LV a PLd-UaQJe YaOXe Rf Cn aW ZKLcK

YaccLQaWLRQ cRYeUaJe aQd YaccLQe cRQfLdeQce WUaLWV aUe SRO\PRUSKLc, L.e. bRWK fRUPV Rf eacK WUaLW

cRe[LVW LQ WKe SRSXOaWLRQ). TKLV Cn WKUeVKROd YaOXe LV PRUe VeQVLWLYe WR ıPa[ WKaQ WR bm, cn, RU Bm,n:

WKe WKUeVKROd YaOXe LV ORZeUed aV ıPa[ LQcUeaVeV (dLaJRQaO OLQe LQ FigXre 2.6A-B). AOWKRXJK

YaccLQaWLRQ SURbabLOLW\ (Bm,n) LV deSeQdeQW RQ bRWK cn, WKe LQfOXeQce Rf SaUeQWaO YaccLQe aWWLWXde,

aQd bm, WKe LQfOXeQce Rf SaUeQWaO YaccLQaWLRQ VWaWe (Table S2.2), PRdXOaWLQJ eLWKeU W\Se Rf

LQfOXeQce Rf PL[ed-VWaWe SaUeQWV KaV OLWWOe effecW RQ WKe OeYeO Rf YaccLQaWLRQ cRYeUaJe aQd

QeJOLJLbOe effecWV RQ cRQfLdeQce OeYeOV aW eacK QRQ-WKUeVKROd Cn (FigXre 2.6C-F).
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FigXre 2.6: Vaccine confidence transmission dictates Yaccination coYerage and confidence

leYels

HeaWPaSV VKRZLQJ fLQaO YaccLQaWLRQ cRYeUaJe aQd YaccLQe cRQfLdeQce afWeU 100 WLPe-VWeSV Zith

Yertical transmission onl\. TKe WRS URZ (A, C, E, G) VKRZV YaccLQaWLRQ cRYeUaJe (L.e.

fUeTXeQc\ Rf V+ LQ WKe SRSXOaWLRQ) ZLWK ORZ cRYeUaJe LQ bURZQ aQd KLJK cRYeUaJe LQ JUeeQ; WKe

bRWWRP URZ (B, D, F, H) VKRZV WKe cRUUeVSRQdLQJ fLQaO YaccLQe cRQfLdeQce (L.e. fUeTXeQc\ Rf A+),

ZLWK ORZ cRQfLdeQce LQ bOacN aQd KLJK cRQfLdeQce LQ Ued. UQOeVV YaULed RQ WKe KRUL]RQWaO RU

YeUWLcaO a[LV, RWKeU SaUaPeWeUV aUe VeW WR WKe defaXOW YaOXeV JLYeQ LQ Table 2.1. IQ RXU PRdeO,

SaUeQWV¶ OLNeOLKRRd Rf YaccLQaWLQJ WKeLU cKLOdUeQ deSeQdV RQ bRWK WKeLU YaccLQaWLRQ VWaWe aQd WKeLU

aWWLWXde VWaWe. TKLV fLJXUe VKRZV WKaW WKe VWUeQJWK Rf SaUeQWaO WUaQVPLVVLRQ Rf YaccLQe cRQfLdeQce

(Cn) KaV a PXcK VWURQJeU effecW RQ WKe eTXLOLbULXP OeYeOV Rf bRWK YaccLQe cRYeUaJe (V+) aQd

cRQfLdeQce (A+) WKaQ RWKeU SaUaPeWeUV: WKe Pa[LPXP cXOWXUaO VeOecWLRQ cReffLcLeQW, ıPa[ (A, B),

WKe LQfOXeQce Rf SaUeQWaO YaccLQaWLRQ VWaWe, bm (C, D), WKe OeYeO Rf LQfOXeQce Rf SaUeQWaO YaccLQe

aWWLWXdeV RQ WKeLU YaccLQaWLRQ beKaYLRUV, cn (E, F), aQd WKe SURbabLOLW\ WKaW PL[ed-VWaWe SaUeQWV

YaccLQaWe WKeLU RffVSULQJ Bm,n (G, H). DaVKed ZKLWe OLQeV dePaUcaWe WKe UeJLRQ LQ ZKLcK

eTXLOLbULXP fUeTXeQcLeV aUe beWZeeQ 0.1 aQd 0.9.

IQWeUeVWLQJO\, dLUecW PRdXOaWLRQ Rf WKe PL[ed-VWaWe cRXSOe YaccLQaWLRQ SURbabLOLW\ (B1,1 =

B1,2 = B2,1 = B2,2) aOVR KaV OLWWOe SRZeU LQ affecWLQJ cRYeUaJe aQd cRQfLdeQce OeYeOV aW eTXLOLbULXP
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(FigXre 2.6G-H). We K\SRWKeVL]e WKaW SUedRPLQaQWO\ KLJK RU SUedRPLQaQWO\ ORZ cRQfLdeQce

WUaQVPLVVLRQ ZLWKLQ a SRSXOaWLRQ UedXceV WKe RccXUUeQce Rf ³PL[ed-VWaWe´ SaLULQJV, L.e. Lf WKe

PaMRULW\ Rf WKe SRSXOaWLRQ becRPeV cRQfLdeQW RU KeVLWaQW, WKeUe aUe feZeU cRQfLdeQW-KeVLWaQW aQd

YaccLQaWed-XQYaccLQaWed SaLULQJV. TKXV, WKe effecW Rf PRdXOaWLQJ PL[ed-VWaWe YaccLQaWLRQ

SURbabLOLWLeV (B1,1, B1,2, B2,1, B2,2) LV VLJQLfLcaQWO\ PLQLPL]ed aV WKeVe cRXSOeV aSSURacK ORZ

fUeTXeQcLeV LQ WKe SRSXOaWLRQ, aQd cRQfLdeQce WUaQVPLVVLRQ dRPLQaWeV WKe YaccLQaWLRQ SaWWeUQV.

CXltXral selection determines trait eqXilibriXm leYels at fi[ed confidence transmission
probabilities

Ne[W, Ze KROd YaccLQe cRQfLdeQce WUaQVPLVVLRQ (Cn) aW defaXOW SURbabLOLWLeV, UePLQLVceQW

Rf MeQdeOLaQ WUaQVPLVVLRQ, VXcK WKaW WZR YaccLQe-cRQfLdeQW RU WZR YaccLQe-KeVLWaQW SaUeQWV

SUedLcWabO\ WUaQVPLW WKeLU YaccLQe aWWLWXde, aQd SaUeQWV ZLWK dLffeULQJ YaccLQe aWWLWXdeV eacK KaYe

a a50% cKaQce Rf WUaQVPLWWLQJ WKeLU RZQ VWaWe, e.J. C0 QeaU 0, C1 aQd C2 aW 0.5, C3 QeaU 1 (Table

2.1).
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FigXre 2.7: CXltXral selection inflXences Yaccination coYerage and Yaccine confidence.

HeaWPaSV VKRZLQJ fLQaO YaccLQaWLRQ cRYeUaJe (A, C, E) aQd fLQaO YaccLQaWLRQ cRQfLdeQce (B, D,

F) afWeU 100 WLPe-VWeSV Zith Yertical transmission onl\, RQO\ SaUeQW-WR-RffVSULQJ WUaQVPLVVLRQ.

AV LQ SUeYLRXV fLJXUeV, SaUaPeWeUV QRW YaULed KeUe aUe JLYeQ LQ Table 2.1. PaUeQWV¶ OLNeOLKRRd Rf

YaccLQaWLQJ WKeLU cKLOdUeQ deSeQdV RQ bRWK WKeLU YaccLQaWLRQ VWaWe aQd WKeLU aWWLWXde VWaWe. AW

defaXOW SURbabLOLWLeV Rf YaccLQe cRQfLdeQce WUaQVPLVVLRQ (CQ YaOXeV LQ Table 2.1), WKeVe fLJXUeV

VKRZ WKaW PRdXOaWLQJ WKe Pa[LPXP cXOWXUaO VeOecWLRQ cReffLcLeQW affecWV WKe eTXLOLbULXP OeYeOV

Rf YaccLQaWLRQ cRYeUaJe aQd YaccLQe cRQfLdeQce acURVV WKe UaQJe Rf VSecLfLed SaUaPeWeUV:

SaUeQWaO YaccLQaWLRQ VWaWe LQfOXeQce, bm (A, B), SaUeQWaO aWWLWXde VWaWe LQfOXeQce, cn (C,D), aQd

RffVSULQJ YaccLQaWLRQ SURbabLOLW\, Bm,n (E,F). UQOeVV dLUecWO\ PRdXOaWed (aV LQ SaQeOV E-F), Bm,n

YaULeV ZLWK bm aQd cn: . DaVKed ZKLWe OLQeV dePaUcaWe WKe UeJLRQ LQ ZKLcK𝐵
𝑚,𝑛

ࡦ   𝑐
𝑛

𝑏࡟1
𝑚

2ഈ ഉ
eTXLOLbULXP fUeTXeQcLeV aUe beWZeeQ 0.1 aQd 0.9.

We WKeQ YaULed cXOWXUaO VeOecWLRQ LQ cRPbLQaWLRQ ZLWK YaccLQaWLRQ-aVVRcLaWed SURbabLOLWLeV (bm,

cn, Bm,n). WLWK Cn KeOd cRQVWaQW, cXOWXUaO VeOecWLRQ (ıPa[) LV WKe SULPaU\ facWRU deWeUPLQLQJ
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YaccLQaWLRQ cRYeUaJe aQd cRQfLdeQce OeYeOV (FigXre 2.7). RaLVLQJ WKe Pa[LPXP cXOWXUaO

VeOecWLRQ cReffLcLeQW LQcUeaVeV WKe eTXLOLbULXP OeYeO Rf YaccLQaWLRQ cRYeUaJe aQd YaccLQe

cRQfLdeQce acURVV YaULRXV OeYeOV Rf YaccLQaWLRQ VWaWe LQfOXeQce (bm) (FigXre 2.7A-B), YaccLQaWLRQ

aWWLWXde LQfOXeQce (cn) (FigXre 2.7C-D), aQd YaccLQaWLRQ SURbabLOLW\ (Bm,n) (FigXre 2.7E-F).

UQOLNe LQ FigXre 2.6, YaccLQe cRQfLdeQce dReV QRW aOZa\V PLUURU YaccLQaWLRQ cRYeUaJe acURVV aOO

OeYeOV Rf aWWLWXde LQfOXeQce (cn) RU YaccLQaWLRQ SURbabLOLWLeV. IQVWead, YaccLQe cRQfLdeQce OeYeOV

decOLQe ZLWK LQcUeaVed cn aQd LQcUeaVed Bm,n fRU ıPa[⪅ 0.3 (FigXre 2.7D, F), aV ZeOO aV fRU bRWK
LQcUeaVed cn aQd LQcUeaVed bm (FigXre S2.7). TKLV d\QaPLc LV LQWeUeVWLQJ aV WKeVe SaUaPeWeUV

LQfRUP YaccLQaWLRQ beKaYLRU, KLQWLQJ WKaW KLJK YaccLQaWLRQ UaWeV cRXOd UedXce a SRSXOaWLRQV¶

e[SecWed YaccLQe cRQfLdeQce. VaccLQaWLRQ cRYeUaJe aQd YaccLQe cRQfLdeQce UePaLQ ORZ ZKeQ

cXOWXUaO VeOecWLRQ dReV QRW faYRU YaccLQaWLRQ (ıPa[ ⪅ 0), L.e. SaUeQWV YaccLQaWe WKeLU cKLOdUeQ aW RU
beORZ WKe OeYeOV e[SecWed baVed RQ cXOWXUaO WUaQVPLVVLRQ UaWeV.

OffVSUiQg caQ chaQge WheiU iQheUiWed heViWaQc\ VWaWe (YeUWicaO d\QaPicV aQd cRPPXQiW\

iQfOXeQceV)

IQcUeaVed e[SRVXUe WR WKe aWWLWXdeV Rf WKe bURadeU cRPPXQLW\ (QRQ-SaUeQWaO adXOWV LQ WKe

SRSXOaWLRQ) aQd SeUVRQaO e[SeULeQceV ZLWK WKe dLVeaVe cRXOd LQfOXeQce aQd cKaQJe YaccLQaWLRQ

beOLefV LQKeULWed LQ cKLOdKRRd. TKeUefRUe, Ze Qe[W LQcOXded WKeVe cRPPXQLW\ LQfOXeQceV LQ RXU

PRdeO WR XQdeUVWaQd KRZ WKe\ PLJKW PRdXOaWe YaccLQe cRQfLdeQce aQd YaccLQaWLRQ cRYeUaJe

OeYeOV. IQ WKe beOLef WUaQVLWLRQ SKaVe Rf WKe PRdeO, RffVSULQJ caQ cKaQJe WKeLU YaccLQe aWWLWXde

ZLWK VRPe SURbabLOLW\ baVed RQ WKe fUeTXeQc\ Rf YaccLQaWLRQ LQ WKe SRSXOaWLRQ (FigXre 2.2).

TKXV, LQ addLWLRQ WR WKe YeUWLcaO WUaQVPLVVLRQ Rf aWWLWXdeV aQd beKaYLRUV, SKeQRW\Se fUeTXeQcLeV

aUe fXUWKeU affecWed b\ WKe SURbabLOLW\ WKaW adXOW RffVSULQJ cKaQJe WKeLU aWWLWXde (L.e. WUaQVLWLRQ

fURP YaccLQe cRQfLdeQW (A+) WR KeVLWaQW (Aí) aQd YLce YeUVa). B\ PRdXOaWLQJ WKe aWWLWXde

WUaQVLWLRQ SURbabLOLWLeV accRUdLQJ WR WKe YaccLQaWLRQ cRYeUaJe (³KeUd-LPPXQLW\-dULYeQ

KeVLWaQc\´), Ze aVVXPe WKaW ZKeQ YaccLQe cRYeUaJe (V+ fUeTXeQc\, [1 + [2) LV ORZ, dLVeaVe

RccXUUeQce LV KLJK aQd WKe QeJaWLYe effecWV Rf WKe dLVeaVe aUe e[SeULeQced ZLdeO\, WKXV WKe

beQefLWV Rf beLQJ YaccLQaWed (aQd WKe cRVWV Rf QRW beLQJ YaccLQaWed) aUe PRUe eYLdeQW (GaQJaURVa

eW aO. 1998; O]aZa eW aO. 2012). AV YaccLQaWLRQ cRYeUaJe (V+) LQcUeaVeV LQ WKe SRSXOaWLRQ, aQd

WKXV dLVeaVe RccXUUeQce LV ORZ, WKe beQefLWV WR beLQJ YaccLQaWed aUe OeVV RbYLRXV, ZKLOe
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ORZ-SURbabLOLW\ cRVWV VXcK aV adYeUVe UeacWLRQV becRPe PRUe aSSaUeQW aQd cRXOd be SeUceLYed aV

beLQJ ULVNLeU WKaQ WKe dLVeaVe LWVeOf.

CommXnit\ inflXences e[pand the pol\morphic space at moderate confidence transmission

TKe addLWLRQ Rf KeUd-LPPXQLW\-dULYeQ KeVLWaQc\ SURdXceV a SaWWeUQ Rf YaccLQaWLRQ

cRYeUaJe aQd YaccLQe cRQfLdeQce VLPLOaU WR WKaW Rf VLPXOaWLRQV UXQ ZLWK VROeO\ YeUWLcaO

WUaQVPLVVLRQ (FigXre 2.6 aQd FigXre 2.7 cRPSaUed WR FigXre 2.8 aQd FigXre 2.9, and FigXre

2.3-2.4 cRPSaUed WR FigXres S2.4-S2.6)²WKe OeYeO Rf (YeUWLcaO) YaccLQe cRQfLdeQce WUaQVPLVVLRQ

VWLOO OaUJeO\ deWeUPLQeV WKe OeYeO Rf YaccLQaWLRQ cRYeUaJe aQd YaccLQe cRQfLdeQce (FigXre 2.8).

HRZeYeU, WKeVe cRPPXQLW\ LQfOXeQceV e[SaQded WKe SRO\PRUSKLc VSace, UeVXOWLQJ LQ a ZLdeU

UaQJe Rf cRQfLdeQce WUaQVPLVVLRQ SURbabLOLWLeV fRU PL[ed-VWaWe cRXSOeV (C1=C2) LQ ZKLcK WKe

dLffeUeQW VWaWeV Rf eacK WUaLW (YaccLQaWed, XQYaccLQaWed, cRQfLdeQW, aQd KeVLWaQW) aUe ZeOO

UeSUeVeQWed LQ WKe SRSXOaWLRQ. IQ RWKeU ZRUdV, WKeUe LV a ZLdeU baQd Rf PRdeUaWe YaOXeV RXWOLQed

b\ WKe daVKed ZKLWe OLQeV LQ FigXre 2.8 WKaQ LQ FigXre 2.6). HeUd-LPPXQLW\-dULYeQ KeVLWaQc\

aSSeaUV WR VKLfW WKe eTXLOLbULXP OeYeOV Rf YaccLQaWLRQ cRYeUaJe aQd YaccLQe cRQfLdeQce aZa\

fURP e[WUePe YaOXeV. We aOVR WeVWed a PRUe WUadLWLRQaO XQdeUVWaQdLQJ Rf RbOLTXe WUaQVPLVVLRQ,

L.e. cRQfLdeQce-deSeQdeQW beOLef WUaQVLWLRQ (³RbOLTXeO\ WUaQVPLWWed KeVLWaQc\´) LQ ZKLcK

LQdLYLdXaOV aUe PRUe OLNeO\ WR WUaQVLWLRQ WR YaccLQe cRQfLdeQce ZKeQ WKe\ LQWeUacW ZLWK PRUe

YaccLQe-cRQfLdeQW SeRSOe (FigXre S2.2). TKe UeVXOWV Rf WKeVe VLPXOaWLRQV aUe VLPLOaU WR WKRVe

ZLWKRXW beOLef WUaQVLWLRQ, L.e., WKe eTXLOLbULXP OeYeOV Rf YaccLQaWLRQ cRYeUaJe aQd YaccLQe

cRQfLdeQce aSSURacK eLWKeU KLJK RU ORZ YaOXeV QeaU WKe WKUeVKROd (cRPSaUe FigXre 2.6, FigXre

2.8 aQd FigXre S2.8). SLPLOaUO\, Lf Ze VWUXcWXUe beOLef WUaQVLWLRQ LQ a PaQQeU WKaW UefOecWV aQ

LQfOXeQce Rf YaccLQe feaU UedXcWLRQ afWeU ZLdeVSUead adRSWLRQ, L.e, LQdLYLdXaOV aUe PRUe OLNeO\ WR

adRSW YaccLQe cRQfLdeQce Lf YaccLQaWLRQ fUeTXeQc\ LV KLJK, WKe SaWWeUQ Rf RXWcRPeV VKRZ a ORZeU

RccXUUeQce Rf PRdeUaWe YaOXeV aW eTXLOLbULXP (FigXre S2.9).
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FigXre 2.8: Vaccine confidence transmission dictates Yaccination coYerage and confidence

leYels (Zith herd-immXnit\-driYen hesitanc\). HeaWPaSV VKRZLQJ fLQaO YaccLQaWLRQ cRYeUaJe

(L.e. fUeTXeQc\ Rf V+ LQ WKe SRSXOaWLRQ, ZLWK ORZ cRYeUaJe LQ bURZQ aQd KLJK cRYeUaJe LQ JUeeQ

(A, C, E, G)) aQd fLQaO YaccLQe cRQfLdeQce (L.e. fUeTXeQc\ Rf A+, ZLWK ORZ cRQfLdeQce LQ bOacN

aQd KLJK cRQfLdeQce LQ Ued (B, D, F, H)) afWeU 100 WLPe-VWeSV LQ ZKLcK aWWLWXde WUaQVLWLRQ caQ

RccXU afWeU SaUeQW-WR-RffVSULQJ WUaQVPLVVLRQ Rf beOLefV. TKe OLNeOLKRRd WKaW LQdLYLdXaOV cKaQJe

WKeLU YaccLQe beOLefV deSeQdV RQ WKe cXUUeQW YaccLQaWLRQ cRYeUaJe Rf WKe SRSXOaWLRQ (FigXre 2.2).

UQOeVV YaULed RQ WKe KRUL]RQWaO RU YeUWLcaO a[eV, RWKeU SaUaPeWeUV aUe VeW WR WKe defaXOW YaOXeV

JLYeQ LQ Table 2.1. PaUeQWV¶ OLNeOLKRRd Rf YaccLQaWLQJ WKeLU cKLOdUeQ deSeQdV RQ bRWK WKeLU

YaccLQaWLRQ VWaWe aQd WKeLU aWWLWXde VWaWe; WKeVe fLJXUeV VKRZ WKaW WKe VWUeQJWK Rf SaUeQWaO

WUaQVPLVVLRQ Rf YaccLQe cRQfLdeQce (Cn) KaV a PXcK VWURQJeU effecW RQ WKe eTXLOLbULXP OeYeOV Rf

bRWK YaccLQe cRYeUaJe (V+) aQd cRQfLdeQce (A+) WKaQ RWKeU WeVWed SaUaPeWeUV dR: WKe Pa[LPXP

cXOWXUaO VeOecWLRQ cReffLcLeQW, ıPa[, (A,B), WKe LQfOXeQce Rf SaUeQWaO YaccLQaWLRQ VWaWe, bm, (C, D),

WKe OeYeO Rf LQfOXeQce Rf SaUeQWaO aWWLWXdeV RQ WKeLU YaccLQaWLRQ beKaYLRUV, cn, (E,F), aQd RffVSULQJ

YaccLQaWLRQ SURbabLOLW\, Bm,n (G,H). DaVKed ZKLWe OLQeV dePaUcaWe WKe UeJLRQ LQ ZKLcK

eTXLOLbULXP fUeTXeQcLeV aUe beWZeeQ 0.1 aQd 0.9.
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CommXnit\ inflXences redXce eqXilibriXm YalXes at constant confidence transmission

WLWK QeXWUaO cRQfLdeQce WUaQVPLVVLRQ (C1 = C2 = 0.5), Ze aOVR RbVeUYe aQ e[SaQVLRQ Rf WKe

SRO\PRUSKLc VSace ZKeQ Ze PRdXOaWe cXOWXUaO VeOecWLRQ (ıPa[) aORQJVLde WKe LQfOXeQce aQd

WUaQVPLVVLRQ SaUaPeWeUV, ZLWK aQ RYeUaOO UedXcWLRQ Rf YaccLQaWLRQ cRYeUaJe aQd YaccLQe

cRQfLdeQce OeYeOV aW eTXLOLbULXP (FigXre 2.9 cRPSaUed WR FigXre 2.7). SLPLOaUO\ WR VLPXOaWLRQV

ZLWKRXW beOLef WUaQVLWLRQ, aV WKe LQfOXeQce Rf YaccLQe aWWLWXdeV (cn) aQd YaccLQaWLRQ SURbabLOLWLeV

(Bm,n) LQcUeaVe (FigXre 2.9C-F), WKe SRSXOaWLRQ¶V eTXLOLbULXP YaccLQaWLRQ cRYeUaJe LQcUeaVeV

ZKLOe LWV YaccLQe cRQfLdeQce decUeaVeV. TKLV SaWWeUQ SeUVLVWed acURVV aOO WeVWed OeYeOV Rf

Pa[LPXP cXOWXUaO VeOecWLRQ (ıPa[) (FigXre 2.9C-F). IQ RWKeU ZRUdV, Ze RbVeUYe KLJKeU OeYeOV Rf

cRQfLdeQce ZKeQ WKe LQfOXeQce Rf YaccLQe aWWLWXde LV ORZ fRU PL[ed-aWWLWXde SaUeQWaO SaLUV

(FigXre 2.9D) aQd YaccLQaWLRQ SURbabLOLWLeV aUe ORZ fRU PL[ed-WUaLW SaUeQWaO SaLUV (FigXre 2.9F)

WKaQ Ze dR aW KLJKeU YaOXeV.
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FigXre 2.9: CXltXral selection inflXences Yaccination coYerage and Yaccine confidence (Zith

herd-immXnit\ driYen hesitanc\). HeaWPaSV VKRZLQJ fLQaO YaccLQaWLRQ cRYeUaJe (A, C, E) aQd

fLQaO YaccLQaWLRQ cRQfLdeQce (B, D, F) afWeU 100 WLPe-VWeSV Zith herd-immXnit\-driYen

hesitanc\. AV LQ SUeYLRXV fLJXUeV, SaUaPeWeUV QRW YaULed aUe JLYeQ LQ Table 2.1. PaUeQWV¶

OLNeOLKRRd Rf YaccLQaWLQJ WKeLU cKLOdUeQ deSeQdV RQ bRWK WKeLU YaccLQaWLRQ VWaWe aQd WKeLU aWWLWXde

VWaWe. AW defaXOW SURbabLOLWLeV Rf YaccLQe cRQfLdeQce WUaQVPLVVLRQ (Cn), WKeVe fLJXUeV VKRZ WKaW

PRdXOaWLQJ WKe Pa[LPXP cXOWXUaO VeOecWLRQ cReffLcLeQW affecWV WKe eTXLOLbULXP OeYeOV Rf

YaccLQaWLRQ cRYeUaJe aQd YaccLQe cRQfLdeQce acURVV WKe UaQJe Rf VSecLfLed SaUaPeWeUV: SaUeQWaO

YaccLQaWLRQ VWaWe LQfOXeQce, bm (A, B), SaUeQWaO aWWLWXde VWaWe LQfOXeQce, cn (C,D), aQd RffVSULQJ

YaccLQaWLRQ SURbabLOLW\, Bm,n (E,F) fRU PL[ed-WUaLW SaLUV. UQOeVV dLUecWO\ YaULed (aV LQ SaQeOV E-F),

Bm,n YaULeV aV bm aQd cn aUe YaULed, aV VKRZQ LQ Table 2.1. [NRWe: AOO YaccLQaWLRQ aQd cRQfLdeQce

eTXLOLbULXP fUeTXeQcLeV aUe beWZeeQ 0.1 aQd 0.9.]
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FigXre 2.10: The inflXence of parental traits on Yaccination coYerage and Yaccine

confidence at different leYels of cXltXral selection. HeaWPaSV VKRZLQJ fLQaO YaccLQaWLRQ

cRYeUaJe (A, C) aQd fLQaO YaccLQaWLRQ cRQfLdeQce (B, D) afWeU 100 WLPeVWeSV Zith

herd-immXnit\-driYen hesitanc\. We PRdXOaWe WKe LQWeUacWLRQ beWZeeQ YaccLQaWLRQ VWaWe

LQfOXeQce (bm; YeUWLcaO a[LV) aQd aWWLWXde LQfOXeQce (cn; KRUL]RQWaO a[LV) aW YaULRXV Pa[LPXP

cXOWXUaO VeOecWLRQ cReffLcLeQWV: ıPa[ = 0 (A, B) aQd ıPa[ = 0.1 (C, D). AV LQ SUeYLRXV fLJXUeV,

XQYaULed SaUaPeWeUV aUe JLYeQ LQ Table 2.1. VaccLQaWLRQ fUeTXeQc\ LQcUeaVeV aV bRWK LQfOXeQce

SURbabLOLWLeV LQcUeaVe aQd YaccLQaWLRQ cRQfLdeQce decUeaVeV aV bRWK LQfOXeQce SURbabLOLWLeV

LQcUeaVe.

ModXlating the inflXence of parental traits reYeals XncoXpling of trait eqXilibriXm freqXencies

We e[SORUed WKe LQWeUacWLRQ beWZeeQ WKe LQfOXeQce SaUaPeWeUV, bm aQd cn, aW YaULRXV

Pa[LPXP cXOWXUaO VeOecWLRQ cReffLcLeQWV (ıPa[) (FigXre 2.10). VaccLQaWLRQ cRYeUaJe aQd YaccLQe

cRQfLdeQce eTXLOLbUaWe aW fUeTXeQcLeV beWZeeQ 0.1 aQd 0.6 acURVV WKe UaQJe Rf bm aQd cn,

LQdLcaWLQJ WKaW WKeVe WUaLW fUeTXeQcLeV aUe QRW SaUWLcXOaUO\ VeQVLWLYe WR eLWKeU SaUaPeWeU. CXOWXUaO

VeOecWLRQ faYRULQJ YaccLQaWLRQ LQcUeaVeV WKe eTXLOLbULXP OeYeO Rf YaccLQaWLRQ cRYeUaJe aQd
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YaccLQe cRQfLdeQce (FigXre 2.10 and FigXre S2.10). TKe PRVW QRWabOe deYLaWLRQ beWZeeQ

eTXLOLbULXP cRQfLdeQce aQd YaccLQaWLRQ fUeTXeQcLeV RccXUV aW WKe LQWeUVecWLRQ Rf WKe KLJKeVW

LQfOXeQce SaUaPeWeU YaOXeV (bm aQd cn), cLUcXPVWaQceV LQ ZKLcK WKe SaUeQWV¶ YaccLQaWLRQ VWaWeV

aQd YaccLQe aWWLWXdeV RYeUZKeOPLQJO\ VXSSRUW RffVSULQJ YaccLQaWLRQ. IQ WKLV WRS ULJKW VecWLRQ Rf

WKe KeaW PaSV, YaccLQaWLRQ cRYeUaJe LV KLJK ZKLOe YaccLQe cRQfLdeQce LV ORZeU, LQdLcaWLQJ a

beKaYLRUaO SaWWeUQ LQ ZKLcK PL[ed-WUaLW cRXSOeV aUe PRUe LQcOLQed WR YaccLQaWe WKeLU RffVSULQJ

WKaQ WUaQVPLW YaccLQe cRQfLdeQce. OYeUaOO, WKe addLWLRQ Rf YaccLQaWLRQ-fUeTXeQc\-deSeQdeQW

beOLef WUaQVLWLRQ WR a SRSXOaWLRQ WKaW ZRXOd RWKeUZLVe eTXLOLbUaWe aW KLJK YaccLQaWLRQ cRYeUaJe

(FigXre S2.7) OeadV WR LQcUeaVed aWWLWXde WUaQVLWLRQ WR YaccLQe KeVLWaQc\ aQd VXbVeTXeQWO\ ORZeU

YaccLQe cRYeUaJe.

CXOWXUaO VeOecWiRQ PRdXOaWeV Whe effecW Rf hRPRShiO\ RQ eTXiOibUiXP RXWcRPeV

We K\SRWKeVL]ed WKaW PaWLQJ SUefeUeQce (aVVRUWaWLYe PaWLQJ) cRXOd PRdXOaWe beOLef aQd

beKaYLRU d\QaPLcV aQd WKXV WKe YaccLQaWLRQ cRYeUaJe aQd cRQfLdeQce OeYeOV LQ WKe SRSXOaWLRQ. If

LQdLYLdXaOV aUe PRUe OLNeO\ WR SaLU ZLWK LQdLYLdXaOV Rf WKe VaPe YaccLQe aWWLWXde, VXcK WKaW

VaPe-aWWLWXde cRXSOeV becRPe PRUe cRPPRQ aQd PL[ed-aWWLWXde cRXSOeV aUe OeVV cRPPRQ, WKe

SaUaPeWeU YaOXeV fRU PL[ed-aWWLWXde cRXSOeV Pa\ KaYe OeVV LPSacW RQ YaccLQaWLRQ cRYeUaJe aQd

cRQfLdeQce d\QaPLcV. TKeUefRUe, Ze aQaO\]ed WKe LQWeUacWLRQ beWZeeQ A+ KRPRSKLO\ (ZLWK 𝛼1
LQdLcaWLQJ WKe SUefeUeQce Rf A+ LQdLYLdXaOV fRU RWKeU A+ LQdLYLdXaOV) aQd Aí KRPRSKLO\ (ZLWK 𝛼2
LQdLcaWLQJ WKe SUefeUeQce Rf Aí LQdLYLdXaOV fRU RWKeU Aí LQdLYLdXaOV) aW YaULRXV ıPa[ OeYeOV. WKeQ

YaccLQe aWWLWXdeV aUe affecWed b\ cRPPXQLW\ LQfOXeQceV aQd WKeUe LV QeLWKeU cXOWXUaO VeOecWLRQ fRU

QRU aJaLQVW beLQJ YaccLQaWed (ıPa[ = 0), Ze RbVeUYe a WKUeVKROd UeJLRQ aW URXJKO\ eTXaO PaWLQJ

SUefeUeQceV (𝛼1 § 𝛼2; dLaJRQaO OLQeV LQ FigXre 2.11C-D); abRYe WKLV bRXQdaU\ (ZKeQ 𝛼1 > 𝛼2)
YaccLQaWLRQ cRYeUaJe aQd cRQfLdeQce aUe PXcK KLJKeU WKaQ beORZ WKLV bRXQdaU\ (ZKeQ 𝛼1 < 𝛼2).
WKeQ cXOWXUaO VeOecWLRQ e[SOLcLWO\ dReV QRW faYRU YaccLQaWLRQ (e.J. ıPa[ = í0.1, FigXre 2.11A-B),

ORZ YaccLQaWLRQ cRYeUaJe aQd cRQfLdeQce caQ RccXU eYeQ ZKeQ WKeUe aUe PRUe YaccLQe-cRQfLdeQW

cRXSOeV LQ WKe SRSXOaWLRQ WKaQ KeVLWaQW cRXSOeV (𝛼1 ＞ 𝛼2). LLNeZLVe, Lf cXOWXUaO VeOecWLRQ faYRUV
beLQJ YaccLQaWed (ıPa[ > 0, FigXre 2.11E-H), WKe WKUeVKROd beWZeeQ KLJK aQd ORZ eTXLOLbULXP

YaOXeV LV VKLfWed, VXcK WKaW KLJK cRYeUaJe aQd KLJK cRQfLdeQce OeYeOV caQ SRWeQWLaOO\ be aWWaLQed

eYeQ ZKeQ YaccLQe-KeVLWaQW LQdLYLdXaOV SUefeUeQWLaOO\ SaLU ZLWK eacK RWKeU PRUe WKaQ

YaccLQe-cRQfLdeQW LQdLYLdXaOV dR (𝛼1 < 𝛼2). We RbVeUYe TXaOLWaWLYeO\ VLPLOaU SaWWeUQV ZKeQ

YaccLQe aWWLWXdeV aUe RQO\ WUaQVPLWWed fURP SaUeQW WR RffVSULQJ (FigXre S2.11); aV Ze KaYe
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SUeYLRXVO\ RbVeUYed LQ FigXres 2.8-2.10, WKe addLWLRQ Rf YaccLQaWLRQ-fUeTXeQc\-deSeQdeQW beOLef

WUaQVLWLRQ OeadV WR a bURadeU SRO\PRUSKLc UeJLRQ WKaQ YeUWLcaO WUaQVPLVVLRQ aORQe. HRZeYeU, Lf

beOLef WUaQVLWLRQ LV RbOLTXeO\ LQfOXeQced RU LQfOXeQced b\ feaU Rf WKe YaccLQe, WKe UaQJe Rf WKe

SRO\PRUSKLc UeJLRQ LV VLPLOaU WR WKaW RbVeUYed LQ VLPXOaWLRQV ZLWKRXW cRPPXQLW\ LQfOXeQceV

(cRPSaUe FigXre 2.11, FigXre S2.12, aQd FigXre S2.13). TKeVe SaWWeUQV LOOXVWUaWe WZR

RYeUaUcKLQJ WKePeV: 1) SUefeUeQWLaO LQWeUacWLRQV beWZeeQ LQdLYLdXaOV ZLWK VLPLOaU YaccLQe beOLefV

caQ dUaPaWLcaOO\ VKLfW WKe eTXLOLbULXP OeYeOV Rf YaccLQaWLRQ cRYeUaJe aQd cRQfLdeQce ZLWK aOO

RWKeU SaUaPeWeUV UePaLQLQJ eTXaO, aQd 2) WKe acWXaO aQd SeUceLYed TXaOLW\ aQd effLcac\ Rf WKe

YaccLQe aUe LPSRUWaQW WR deWeUPLQLQJ YaccLQe acceSWaQce.
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FigXre 2.11: Homophil\ betZeen indiYidXals Zith similar Yaccine beliefs can shift

eqXilibriXm freqXencies of both Yaccination coYerage and confidence. HeaWPaSV VKRZLQJ

fLQaO YaccLQaWLRQ cRYeUaJe (A, C, E, G) aQd fLQaO YaccLQe cRQfLdeQce (B, D, F, H) afWeU 100

WLPeVWeSV Zith herd-immXnit\-driYen hesitanc\. AV LQ SUeYLRXV fLJXUeV, XQVSecLfLed

SaUaPeWeUV aUe JLYeQ LQ Table 2.1. AV YaccLQe-KeVLWaQW LQdLYLdXaOV (Aí) LQcUeaVLQJO\ SUefeU WR

SaLU ZLWK RQe aQRWKeU (𝛼2; KRUL]RQWaO a[LV), YaccLQe-cRQfLdeQW LQdLYLdXaOV (A+) PXVW aOVR

SUefeUeQWLaOO\ LQWeUacW WR PaLQWaLQ KLJK YaccLQe cRYeUaJe (𝛼1; YeUWLcaO a[LV); WKLV WUadeRff LV
PRdXOaWed b\ WKe cXOWXUaO VeOecWLRQ SUeVVXUeV RQ YaccLQaWLRQ (ıPa[ = -0.1 (A, B), ıPa[ = 0 (C, D)

aQd ıPa[ = 0.1 (E, F), ıPa[ = 0.5 (G, H)). DaVKed ZKLWe OLQeV dePaUcaWe WKe UeJLRQ LQ ZKLcK

eTXLOLbULXP fUeTXeQcLeV aUe beWZeeQ 0.1 aQd 0.9.

DiVcXVViRQ

IQ WKLV PaQXVcULSW, Ze SUeVeQW aQ aSSOLcaWLRQ Rf a JeQeUaOL]ed cXOWXUaO eYROXWLRQ

fUaPeZRUN b\ PRdeOLQJ WKe VSUead Rf YaccLQe aWWLWXdeV aQd WKeLU effecWV RQ cKLOdKRRd

YaccLQaWLRQ fUeTXeQc\ LQ a SRSXOaWLRQ. IQcUeaVLQJ aQd PaLQWaLQLQJ VXffLcLeQW YaccLQaWLRQ

cRYeUaJe WR cRPbaW dLVeaVe LV PRUe cRPSOe[ WKaQ VLPSO\ LQcUeaVLQJ YaccLQe aYaLOabLOLW\ RU

SURYLdLQJ accXUaWe LQfRUPaWLRQ. A QXPbeU Rf facWRUV affecW a SeUVRQ¶V YaccLQe-UeOaWed beOLefV aQd

SaUeQWV¶ decLVLRQ WR YaccLQaWe WKeLU cKLOdUeQ, LQcOXdLQJ WKeLU KLVWRU\ ZLWK YaccLQaWLRQV aQd

SeUceSWLRQ Rf WKe dLVeaVe aQd YaccLQe effecWV. AV VXcK, LW LV LPSRUWaQW WR XQdeUVWaQd KRZ WKeVe

SeUVRQaO facWRUV caQ VKaSe YaccLQaWLRQ cXOWXUeV aQd WKXV affecW SXbOLc KeaOWK. UVLQJ a cXOWXUaO
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QLcKe cRQVWUXcWLRQ fUaPeZRUN, Ze PRdeOed WKe WUaQVPLVVLRQ Rf YaccLQe aWWLWXdeV aQd YaccLQaWLRQ

beKaYLRU LQ a YaULeW\ Rf cLUcXPVWaQceV aQd PeaVXUed WKe UeVXOWLQJ OeYeOV Rf YaccLQaWLRQ cRYeUaJe

aQd YaccLQe cRQfLdeQce LQ WKe SRSXOaWLRQ. UVLQJ WKLV QRYeO aSSURacK Rf PRdeOLQJ d\QaPLcaOO\

LQWeUacWLQJ beOLefV aQd beKaYLRUV, Ze aUe abOe WR e[SORUe WKe LQWeUSOa\ Rf cXOWXUaO facWRUV WKaW

dULYe YaccLQe aWWLWXdeV aQd YaccLQaWLRQ beKaYLRU, SURYLdLQJ LQVLJKW LQWR KRZ YaccLQaWLRQ cXOWXUeV

aUe fRUPed, PaLQWaLQed, aQd eYROYe.

CXOWXUaO SaUaPeWeUV SUedicW fXWXUe YacciQaWiRQ cRYeUage aQd YacciQe cRQfideQce

OXU PRdeO dePRQVWUaWeV WKaW WKe cXOWXUaO OaQdVcaSe²KeUe, WKe SaUaPeWeUV LQ WKe PRdeO

WKaW aLP WR UefOecW WUaQVPLVVLRQ SaWWeUQV Rf beOLefV aQd beKaYLRUV, WKe OeYeO Rf SUefeUeQWLaO

aVVRUWPeQW baVed RQ beOLefV, eWc.²caQ be PRUe SUedLcWLYe Rf fXWXUe OeYeOV Rf YaccLQe cRYeUaJe

aQd cRQfLdeQce WKaQ cXUUeQW cRYeUaJe aQd cRQfLdeQce OeYeOV LQ WKe SRSXOaWLRQ (L.e. WKe LQLWLaO

cRQdLWLRQV). OXU VLPXOaWLRQV eacK aSSURacKed a VWabOe eTXLOLbULXP, aQd LQ JeQeUaO Ze cRXOd LQfeU

WKaW a SRSXOaWLRQ ZLWK KLJK YaccLQaWLRQ cRYeUaJe ZLOO KaYe ORZ UaWeV Rf YaccLQe KeVLWaQc\ aQd

YLce YeUVa. FXUWKeU, RXU PRdeO VKRZV YaccLQe cRQfLdeQce WUaQVPLVVLRQ (Cn) WR be WKe SaUaPeWeU

WKaW PRVW VWURQJO\ deWeUPLQeV YaccLQaWLRQ cRYeUaJe aQd cRQfLdeQce OeYeOV. TKaW LV, eYeQ WKRXJK

SaUeQWV¶ decLVLRQ WR YaccLQaWe WKeLU cKLOdUeQ LV baVed RQ bRWK WKeLU OeYeO Rf cRQfLdeQce LQ YaccLQeV

aQd a cRQVLdeUaWLRQ Rf WKeLU RZQ YaccLQaWLRQ VWaWXV, WKe SURbabLOLW\ Rf WUaQVPLWWLQJ

YaccLQe-SRVLWLYe aWWLWXdeV LV a VWURQJeU SUedLcWRU Rf fXWXUe YaccLQaWLRQ cRYeUaJe WKaQ WKe

SURbabLOLW\ Rf YaccLQaWLRQ LWVeOf (FigXres 2.6 and 2.8). FLQaOO\, RXU VLPXOaWLRQV aOVR VXJJeVW WKaW

a SUR-YaccLQaWLRQ KeaOWK cXOWXUe caQ be XQdeUPLQed b\ a YaccLQe KeVLWaQc\ ³ecKR cKaPbeU´,

SRVVLbO\ fRUPed b\ a KLJKeU deJUee Rf SUefeUeQWLaO aVVRUWPeQW (KRPRSKLO\) aPRQJ

YaccLQe-KeVLWaQW LQdLYLdXaOV, ZKR WKeQ fRUP SaLUV PRUe OLNeO\ WR WUaQVPLW YaccLQe-KeVLWaQc\ WR

WKeLU cKLOdUeQ.

PRViWiYe SeUceSWiRQ Rf Whe YacciQe iV VXfficieQW WR PaiQWaiQ YacciQaWiRQ cRYeUage

TKLV PRdeO aOVR VKRZV WKaW WKe SeUceLYed YaOXe aQd effLcac\ Rf a YaccLQe aUe LPSRUWaQW WR

PaLQWaLQLQJ VXffLcLeQW OeYeOV Rf YaccLQaWLRQ cRYeUaJe, eVSecLaOO\ Lf YaccLQe cRQfLdeQce LV QRW

beLQJ URbXVWO\ WUaQVPLWWed (RU PaLQWaLQed LQ adXOWKRRd). IQdLYLdXaOV eVVeQWLaOO\ SeUfRUP aQ

LQWeUQaO cRVW-beQefLW aQaO\VLV baVed RQ WKeLU cLUcXPVWaQceV aQd LQWeUSUeWaWLRQ Rf acceVVLbOe

LQfRUPaWLRQ ZKeQ decLdLQJ WR YaccLQaWe. We aLPed WR be LQcOXVLYe Rf WKeLU YaULRXV cRQVLdeUaWLRQV

YLa RXU cRPSUeKeQVLYe cXOWXUaO VeOecWLRQ cReffLcLeQW. IQcUeaVLQJ SRVLWLYe SXbOLc SeUceSWLRQ
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WKURXJK KRQeVW aQd effecWLYe cRPPXQLcaWLRQ aQd UedXcLQJ SXbOLc cRQceUQ abRXW YaccLQeV aQd

LQcUeaVLQJ YaccLQe VafeW\ cRXOd WRJeWKeU dULYe LQcUeaVed YaccLQaWLRQ WUXVW aQd acceSWaQce.

AcKLeYLQJ WKe RSWLPaO YaccLQaWLRQ cRYeUaJe OLeV QRW RQO\ LQ WKe KaQdV Rf WKe SXbOLc b\

YaccLQaWLQJ WKePVeOYeV aQd WKeLU cKLOdUeQ, bXW aOVR LQ WKe effRUWV Rf KeaOWK RffLcLaOV aQd OeadeUV LQ

cUeaWLQJ aQ eQYLURQPeQW WKaW fRVWeUV cRQfLdeQce b\ aVVXULQJ WKe SXbOLc Rf YaccLQe effLcac\, VafeW\,

aQd YaOXe, ZKLOe SURYLdLQJ cRQYeQLeQW aYeQXeV WR aWWaLQ YaccLQeV.

IQWeUeVWLQJO\, WKeUe LV a OaUJe UeJLRQ Rf WKe SaUaPeWeU VSace (VXcK aV C1=C2>0.6 LQ FigXres

2.6 and 2.8, panels A, C, E, G) LQ ZKLcK WKe YaccLQaWLRQ cRYeUaJe eTXLOLbUaWeV aW a OeYeO WKaW LV

cRPSaUabOe WR WKe UaWeV Rf eVWabOLVKed cKLOdKRRd YaccLQeV LQ WKe UQLWed SWaWeV (e.J. a91%

cRYeUaJe fRU WKe MMR YaccLQe (HLOO eW aO. 2019, 2017)). OQe dLffeUeQce fURP WKe e[SecWed UaWeV

LQ WKe US, KRZeYeU, LV WKaW LQ WKeVe VLPXOaWLRQV WKe OeYeO Rf YaccLQaWLRQ cRYeUaJe WeQdV WR

eTXLOLbUaWe aW a ORZeU OeYeO WKaQ WKe YaccLQe cRQfLdeQce, ZKeUeaV LQ WKe US WKe fUacWLRQ Rf

YaccLQe-KeVLWaQW LQdLYLdXaOV LV WKRXJKW WR be KLJKeU WKaQ WKe fUacWLRQ Rf YaccLQaWed LQdLYLdXaOV

(GRZda aQd DePSVe\ 2013). TKe dLVcUeSaQc\ beWZeeQ e[SecWed aQd RbVeUYed KeVLWaQc\ UaWeV

cRXOd be WKe UeVXOW Rf SROLcLeV WKaW SURPRWe SXbOLc KeaOWK b\ eQcRXUaJLQJ cKLOdKRRd YaccLQaWLRQ,

VXcK aV VcKRRO UeTXLUePeQWV fRU LPPXQL]aWLRQ UecRUdV.

LiPiWaWiRQV Rf Whe PRdeO

AV ZLWK aQ\ PRdeO, Ze caQQRW fXOO\ caSWXUe WKe cRPSOe[ UeaOLW\ Rf WKe UeOaWLRQVKLS

beWZeeQ YaccLQe KeVLWaQc\ aQd YaccLQaWLRQ beKaYLRU. FLUVW, WKRXJK YaccLQaWLRQ fUeTXeQc\ daWa LV

aYaLOabOe fRU QXPeURXV YaccLQeV, fUeTXeQc\ daWa fRU YaccLQe aWWLWXdeV aUe PXcK OeVV cRPPRQ,

ZLWK WKe WZR WUadLWLRQaOO\ QRW VXUYe\ed WRJeWKeU. TKXV, WKeUe LV QR daWaVeW WKaW e[acWO\ eVWLPaWeV

WKe SKeQRW\SeV SUeVeQWed KeUe, fRU e[aPSOe, WKe QXPbeU Rf YaccLQaWed bXW KeVLWaQW (V+A±)

LQdLYLdXaOV LQ a SRSXOaWLRQ. TKe JRaOV Rf YaccLQaWLRQ aWWLWXde VXUYe\V KaYe beeQ SULPaULO\ WR

LdeQWLf\ WKePeV Rf YaccLQe KeVLWaQc\, aQd WR a OeVVeU deJUee, WKe WKePeV Rf YaccLQaWLRQ. HRZeYeU,

WKe\ JeQeUaOO\ dR QRW UeSRUW SaUeQW YaccLQaWLRQ VWaWeV RU ZKeWKeU WKe cKLOd ZaV acWXaOO\

YaccLQaWed (RQ VcKedXOe). WLWK daWa SUeVeQWLQJ SaUeQW YaccLQaWLRQ VWaWeV aORQJVLde WKeLU YaccLQe

aWWLWXdeV aQd YaccLQaWLRQ decLVLRQV, Ze ZRXOd be abOe WR PRUe accXUaWeO\ LQfRUP SKeQRW\Se

fUeTXeQcLeV, SRVVLbO\ e[WeQdLQJ WKe PRdeO WR LQcRUSRUaWe YaULRXV W\SeV Rf KeVLWaQc\. We QRWe,

KRZeYeU, WKaW RXU UeVXOWV dLd QRW deSeQd RQ WKe LQLWLaO SURSRUWLRQV Rf YaccLQaWLRQ VWaWXV RU

YaccLQe KeVLWaQc\, VR WKeVe daWa ZRXOd SULPaULO\ be fRU cRPSaULVRQ WR RXU eTXLOLbULXP RXWcRPeV.
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We ZeUe aOVR cRQVWUaLQed b\ OLPLWed daWa WR LQfRUP RXU cXOWXUaO WUaQVPLVVLRQ aQd

WUaQVLWLRQ SURbabLOLWLeV. IQ RXU PRdeO, baVeOLQe cRQfLdeQce WUaQVPLVVLRQ aQd LQfOXeQce

SURbabLOLWLeV aUe VWUXcWXUed accRUdLQJ WR a VLPSOe SaWWeUQ Rf LQKeULWaQce, VXcK WKaW eacK SaUeQW LV

eTXaOO\ OLNeO\ WR LQfOXeQce aQ RffVSULQJ¶V SKeQRW\Se. HRZeYeU, cXOWXUaO WUaLWV aQd YaccLQaWLRQ

aWWLWXdeV Pa\ QRW VWULcWO\ fROORZ WKLV SaWWeUQ: RQe SaUeQW PLJKW KaYe PRUe LQfOXeQce, RU RQe

YaULaQW Rf a WUaLW PLJKW be PRUe OLNeO\ WR be WUaQVPLWWed. IQ addLWLRQ, WUaQVPLVVLRQ SURbabLOLWLeV

aUe cRQVWaQW LQ RXU PRdeO, UePaLQLQJ XQaffecWed b\ cKaQJLQJ cXOWXUaO cRQdLWLRQV WKURXJKRXW eacK

VLPXOaWLRQ, bXW LQ UeaOLW\, WKeVe SURbabLOLWLeV Pa\ fOXcWXaWe LQ UeVSRQVe WR a YaULeW\ Rf facWRUV

LQcOXdLQJ YaccLQe W\Se RU faPLO\ VWUXcWXUe. FXWXUe deYeORSPeQWV Rf WKe PRdeO cRXOd LQcOXde

PRdXOaWLQJ WKe SURbabLOLW\ Rf YaccLQe cRQfLdeQce WUaQVPLVVLRQ accRUdLQJ WR RWKeU aVSecWV Rf WKe

cXOWXUaO eQYLURQPeQW, VXcK aV WKe aWWLWXde fUeTXeQcLeV LQ WKe SRSXOaWLRQ. We cRXOd aOVR XVe WKe

cXUUeQW fUeTXeQc\ Rf WKeVe cXOWXUaO WUaLWV acURVV dLffeUeQW SRSXOaWLRQV WR JeQeUaWe PRUe VSecLfLc

K\SRWKeVeV abRXW WKeLU XQdeUO\LQJ cXOWXUaO WUaQVPLVVLRQ SURceVVeV (KaQdOeU aQd PRZeOO 2018;

KaQdOeU, WLOdeU, aQd FRUWXQaWR 2017). OXU cXOWXUaO VeOecWLRQ cReffLcLeQW dLd YaU\ ZLWK WKe

fUeTXeQc\ Rf YaccLQaWLRQ cRYeUaJe, aQd Ze WeVWed PXOWLSOe aWWLWXde WUaQVLWLRQ SURbabLOLW\

fXQcWLRQV WKaW YaULed ZLWK eLWKeU YaccLQaWLRQ fUeTXeQc\ RU cRQfLdeQce OeYeOV. HRZeYeU, WKe e[acW

UeOaWLRQVKLSV beWZeeQ WUaLW dLVWULbXWLRQ aQd YaccLQe SeUceSWLRQ RU aWWLWXde WUaQVLWLRQ SURbabLOLWLeV

cRXOd QRW be LQfRUPed b\ e[LVWLQJ daWa. MRdXOaWLQJ bRWK WKe aWWLWXde WUaQVLWLRQ SURbabLOLWLeV aQd

WKe cXOWXUaO VeOecWLRQ cReffLcLeQW accRUdLQJ WR WKe OeYeO Rf YaccLQaWLRQ cRYeUaJe LQ a SRSXOaWLRQ,

KRZeYeU, UefOecWV WKaW SeUceSWLRQV abRXW WKe YaccLQe aQd LWV aVVRcLaWed effecWV RQ KeaOWK cRXOd be

PeaQLQJfXOO\ dLffeUeQW LQ a SRSXOaWLRQ ZLWK KLJK YaccLQaWLRQ cRYeUaJe WKaQ LQ RQe ZLWK ORZ

cRYeUaJe. IQ WeVWLQJ WKUee fRUPV Rf beOLef WUaQVLWLRQ, Ze aUe abOe WR e[SORUe KRZ dLffeUeQW

cRPPXQLW\ LQfOXeQceV cRXOd VKaSe YaccLQaWLRQ cRYeUaJe aQd KeVLWaQc\ OeYeOV.

TKRXJK YaccLQaWLRQ cRYeUaJe aQd YaccLQe cRQfLdeQce VWabLOL]ed LQ RXU VLPXOaWLRQV, LQ

UeaOLW\ YaccLQaWLRQ UaWeV fOXcWXaWe RYeU WLPe LQ UeVSRQVe WR cKaQJLQJ SRSXOaWLRQ d\QaPLcV,

SeUKaSV QeYeU aUULYLQJ aW a VWabOe eTXLOLbULXP. FRU e[aPSOe, WKe LQcUeaVLQJO\ UaSLd VSUead Rf

LQfRUPaWLRQ (HRUQLN eW aO. 2015) Pa\ caXVe aWWLWXdeV aQd beKaYLRUV WR cKaQJe fUeTXeQWO\ RYeU

VKRUW SeULRdV Rf WLPe. IQ RXU PRdeO, PRVW Rf WKe SKeQRW\Se fUeTXeQc\ fOXcWXaWLRQV RccXU LQ WKe

fLUVW feZ LWeUaWLRQV befRUe TXLcNO\ adMXVWLQJ WR aQ eTXLOLbULXP. UQOLNe VRPe PRdeOV Rf SRSXOaWLRQ

d\QaPLcV, WKLV PRdeO KaV a dLVcUeWe-WLPe fRUPaW aQd dReV QRW cRQVLdeU aV\QcKURQ\ LQ SRSXOaWLRQ

WXUQRYeU. TKXV, WKe WLPeVcaOe Rf RXU PRdeO PLJKW QRW WUaQVOaWe dLUecWO\ WR \eaUV RU JeQeUaWLRQV,
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aQd Ze aYRLd LQWeUSUeWLQJ WKe QXPbeU Rf LWeUaWLRQV LQ OLWeUaO WeUPV. IW LV SRVVLbOe WKaW Lf PRUe

UeaOLVWLc bLUWK aQd deaWK SURceVVeV ZeUe LQcRUSRUaWed, WKe cXOWXUaO d\QaPLcV ZRXOd RccXU aW

dLffeUeQW WLPeVcaOeV aQd ZRXOd cRQWLQXe WR fOXcWXaWe LQVWead Rf aSSURacKLQJ a VWabOe eTXLOLbULXP.

IQ addLWLRQ, WKe JUaQdSaUeQWV Rf WKe cKLOdUeQ WR be YaccLQaWed aOVR LQfOXeQce WKe SaUeQWV¶

YaccLQaWLRQ decLVLRQV (KaUWKLJeVX, CKLVKROP, aQd CRaOO 2018). A UeVWUXcWXULQJ Rf WKe WLPeVcaOe

RU WKe LQcRUSRUaWLRQ Rf SRSXOaWLRQ aV\QcKURQ\ LQ RXU PRdeO cRXOd aOORZ fRU cRQVLdeUaWLRQ Rf

WKeVe LQfOXeQceV.

IQ WKLV PRdeO, Ze cRQVWUXcWed WKe RffVSULQJ YaccLQaWLRQ SURbabLOLW\ WR be LQfRUPed

SULPaULO\ b\ SaUeQWV¶ YaccLQe aWWLWXdeV aQd VecRQdaULO\ b\ WKeLU RZQ YaccLQaWLRQ VWaWXV. TKRXJK

LW LV XQdeUVWRRd WKaW WKeUe LV aQ LQWeUacWLRQ beWZeeQ SaUeQWV¶ beOLefV aQd WKeLU RZQ e[SeULeQceV

ZLWK YaccLQeV UeJaUdLQJ WKeLU decLVLRQ WR YaccLQaWe WKeLU cKLOdUeQ, accXUaWeO\ PRdeOLQJ WKe

UeOaWLYe cRQWULbXWLRQ Rf WKeVe WZR facWRUV cRXOd beQefLW fURP ePSLULcaO VWXdLeV RQ SaUeQWaO

ZLOOLQJQeVV WR YaccLQaWe baVed RQ WKeLU beOLefV aQd YaccLQaWLRQ VWaWXV. WLWK RXU cXUUeQW fRUPXOa

(Bm,n, Table S2.2), YaccLQe-cRQfLdeQW SaUeQWV ZKR dLd QRW WKePVeOYeV UeceLYe cKLOdKRRd YaccLQeV

KaYe a UedXced OLNeOLKRRd Rf YaccLQaWLQJ WKeLU RffVSULQJ WKaQ YaccLQaWed SaUeQWV. IQ UeaOLW\,

SaUeQWaO YaccLQe aWWLWXdeV PLJKW eYeQ fXUWKeU RXWZeLJK WKeLU RZQ YaccLQaWLRQ VWaWXV LQ WKeLU

decLVLRQ-PaNLQJ SURceVV WKaQ Ze PRdeO KeUe.

FXWXUe E[SORUaWiRQV

FLQaOO\, fXWXUe deYeORSPeQWV Rf WKLV PRdeO cRXOd LQcOXde KRPRSKLO\ Rf RbOLTXe

LQWeUacWLRQV, WKaW LV, Lf YaccLQe-UeOaWed beOLefV LQfOXeQced QRW RQO\ RQe¶V PaWe cKRLce bXW aOVR

RQe¶V cKRLce Rf VRcLaO JURXSV RU LQfRUPaWLRQ VRXUceV. OQ RQe KaQd, LQdLYLdXaOV ZKR

dLVSURSRUWLRQaWeO\ LQWeUacW ZLWK YaccLQe-KeVLWaQW cRQWacWV ZRXOd KaYe a bLaVed SeUVSecWLYe WKaW

YaccLQe KeVLWaQc\ LV PRUe SUeYaOeQW LQ WKe SRSXOaWLRQ WKaQ LW acWXaOO\ LV, ZKLcK caQ UedXce WKeLU

OLNeOLKRRd Rf YaccLQaWLQJ WKeLU cKLOdUeQ (BUXQVRQ 2018); RQ WKe RWKeU KaQd, a KLJK deJUee Rf

KRPRSKLO\ LQ RbOLTXe LQWeUacWLRQV KaV beeQ K\SRWKeVL]ed WR KLQdeU WKe WUaQVPLVVLRQ Rf YaccLQe

KeVLWaQc\ WR YaccLQe-cRQfLdeQW LQdLYLdXaOV, UedXcLQJ WKe VSUead Rf WKe beOLef RYeUaOO (MeKWa aQd

RRVeQbeUJ 2020). AQRWKeU SRWeQWLaO fXUWKeU e[SORUaWLRQ Rf WKe PRdeO LQcOXdeV PRdeOLQJ

SUefeUeQWLaO aVVRUWPeQW baVed RQ YaccLQaWLRQ VWaWXV UaWKeU WKaQ YaccLQe aWWLWXde, ZKLcK KaV beeQ

VKRZQ WR RccXU LQ aQ ePSLULcaO cRQWacW-QeWZRUN VWXd\ Rf KLJK VcKRRO VWXdeQWV (BaUcOa\ eW aO.

2014).

49

https://paperpile.com/c/PPmoaU/i2fIt
https://paperpile.com/c/PPmoaU/ZXM22
https://paperpile.com/c/PPmoaU/w9bJQ
https://paperpile.com/c/PPmoaU/w9bJQ
https://paperpile.com/c/PPmoaU/E31Xy
https://paperpile.com/c/PPmoaU/E31Xy


OXU PRdeO caQ be UeadLO\ aSSOLed WR RWKeU VceQaULRV LQ ZKLcK WKe effecWV Rf a SaUeQWaO

beKaYLRU aUe ORQJ-OaVWLQJ aQd SRWeQWLaOO\ LQfOXeQced b\ beOLefV. FRU e[aPSOe, RWKeU aVSecWV Rf

cKLOdUeaULQJ VXcK aV fRUPXOa feedLQJ, VOeeS WUaLQLQJ, cLUcXPcLVLRQ, aWWacKPeQW SaUeQWLQJ, aQd

KRPeVcKRROLQJ cRXOd SURYLde addLWLRQaO aYeQXeV Rf e[SORUaWLRQ ZLWK WKLV W\Se Rf PRdeO. LLNe

YaccLQeV, WKeVe decLVLRQV ePSOR\ aQ aVVeVVPeQW Rf VRcLaO, cXOWXUaO, aQd ecRQRPLc cRVWV aQd

beQefLWV, WR SaUeQWV aQd RffVSULQJ.

RecRPPeQdaWiRQV

OXU fLQdLQJV VXJJeVW WKaW bURad effRUWV WR eQcRXUaJe aQd LQfRUP WKe SXbOLc abRXW YaccLQe

VafeW\ aQd effLcac\ ZLOO fRVWeU KLJKeU YaccLQe cRYeUaJe, aQd WKXV SRLQWV WRZaUd VeYeUaO

UecRPPeQdaWLRQV fRU SXbOLc KeaOWK SROLc\ aQd RXWUeacK. We UecRPPeQd WKaW accXUaWe

LQfRUPaWLRQ abRXW YaccLQeV be UeadLO\ acceVVLbOe WKURXJK a YaULeW\ Rf PeaQV, be eaVLO\

XQdeUVWRRd, aQd be VXSSRUWed b\ SeUVRQaO aQecdRWeV VLQce LQdLYLdXaOV ZKR aUe VNeSWLcaO abRXW

YaccLQeV PLJKW LQYeVW PRUe WLPe LQ VeeNLQJ RXW LQfRUPaWLRQ abRXW WKeP (GRZda aQd DePSVe\

2013; EOOLWKRUSe, AdaPV, aQd AOadp 2022; BeQLQ eW aO. 2006), aQd WKaW dLaORJXe beWZeeQ SeRSOe

ZLWK dLffeUeQW beOLefV aQd aWWLWXdeV be eQcRXUaJed aV LW caQ KeOS WR bUeaN WKe ³ecKR cKaPbeUV´ Rf

KRPRSKLO\, eQcRXUaJLQJ LQdLYLdXaOV WR cRPPXQLcaWe aQd ePSaWKL]e ZLWK RQe aQRWKeU. TKeUefRUe,

WR addUeVV YaccLQe KeVLWaQc\, RXU UeVXOWV XQdeUVcRUe WKe LPSRUWaQce Rf cRQVLdeULQJ WKe cXOWXUaO

beOLefV aQd cRPPXQLW\ LQfOXeQceV WKaW XQdeUSLQ KeaOWK beKaYLRUV.
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CHAPTER 3.

INTERNAL AND EXTERNAL FORCES AFFECTING VACCINATION COVERAGE:

MODELING THE INTERACTIONS BETWEEN VACCINE HESITANCY, ACCESSIBILITY,

AND MANDATES

KeUUL-AQQ AQdeUVRQ1 aQd NLcROe CUeaQ]a1

1VaQdeUbLOW UQLYeUVLW\ DeSaUWPeQW Rf BLRORJLcaO ScLeQceV, 465 21VW AYe. SRXWK, NaVKYLOOe, TN

37240

AdaSWed fURP AQdeUVRQ, K. A., & CUeaQ]a, N. (2023). IQWeUQaO aQd e[WeUQaO fRUceV affecWLQJ

YaccLQaWLRQ cRYeUaJe: PRdeOLQJ WKe LQWeUacWLRQV beWZeeQ YaccLQe KeVLWaQc\, acceVVLbLOLW\, aQd

PaQdaWeV. SXbPLWWed WR PLoS Global PXblic Health. medR[iY 2022.09.20.22280174; dRL:

KWWSV://dRL.RUJ/10.1101/2022.09.20.22280174
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IQWURdXcWiRQ

A cRPSUeKeQVLYe XQdeUVWaQdLQJ Rf KeaOWK beKaYLRUV aQd WKeLU SRWeQWLaO fRU e[aceUbaWLQJ

RU PLWLJaWLQJ dLVeaVe ULVN UeTXLUeV LQVLJKW LQWR KRZ cXOWXUaO beOLefV LQfOXeQce WKeVe beKaYLRUV.

LRcaO YaccLQaWLRQ cXOWXUeV²WKe VKaUed beOLefV aPRQJ LQdLYLdXaOV ZLWKLQ a cRPPXQLW\ abRXW

YaccLQe-SUeYeQWabOe dLVeaVe eWLRORJ\, SUeYeQWLRQ, aQd WUeaWPeQW²caQ affecW aQ LQdLYLdXaO¶V

YaccLQe aWWLWXdeV aQd decLVLRQV (SWUeefOaQd, CKRZdKXU\, aQd RaPRV-JLPeQe] 1999; de

FLJXeLUedR eW aO. 2020). TKe defLQLWLRQ Rf ³YaccLQe KeVLWaQc\´ YaULeV beWZeeQ VRXUceV, VSaQQLQJ

fURP aQ aWWLWXde Rf XQceUWaLQW\ abRXW YaccLQeV WR WKe beKaYLRU Rf YaccLQe UefXVaO. HeUe Ze XVe WKe

defLQLWLRQ fURP (LaUVRQ, GaNLdRX, aQd MXUUa\ 2022): ³a VWaWe Rf LQdecLVLRQ aQd XQceUWaLQW\ WKaW

SUecedeV a decLVLRQ WR becRPe (RU QRW becRPe) YaccLQaWed.´ IQ 2019, YaccLQe KeVLWaQc\ ZaV

QaPed RQe Rf WKe WRUOd HeaOWK OUJaQL]aWLRQ¶V WeQ WKUeaWV WR JORbaO KeaOWK (ScKeUeV aQd

KXV]eZVNL 2019) becaXVe Rf LWV OLQN WR UedXced YaccLQaWLRQ cRYeUaJe aQd PRUe fUeTXeQW

RXWbUeaNV Rf YaccLQe-SUeYeQWabOe dLVeaVeV (VPDV) ZRUOdZLde. VaccLQe KeVLWaQc\ LV a Ne\

LQdLcaWRU Rf WKe YaccLQaWLRQ cXOWXUe Rf a SRSXOaWLRQ, aQd bRWK PRdeOLQJ (e.J. (FXQN, SaOaWKp, aQd

JaQVeQ 2010)) aQd SXbOLc KeaOWK VWXdLeV (e.J. (MacDRQaOd aQd SAGE WRUNLQJ GURXS RQ VaccLQe

HeVLWaQc\ 2015; DXbp eW aO. 2013)) KaYe cRQVLdeUed YaccLQe KeVLWaQc\ WR be LQfOXeQced b\

PXOWLSOe VRcLeWaO- aQd LQdLYLdXaO-OeYeO facWRUV, VXcK aV WKe YaccLQaWLRQ cRYeUaJe Rf WKe

SRSXOaWLRQ, WKe SeUceLYed ULVN Rf YaccLQe-SUeYeQWabOe dLVeaVeV, WKe OeYeO Rf WUXVW LQ VSecLfLc

YaccLQeV, aQd WKe cRQfLdeQce LQ WKe KeaOWKcaUe V\VWeP.

TKeRUeWLcaO VWXdLeV KaYe PRdeOed KRZ WKe VSUead Rf dLVeaVe caQ be affecWed b\ aVSecWV Rf

KXPaQ beKaYLRU, SaUWLcXOaUO\ YaccLQaWLRQ aQd VRcLaO dLVWaQcLQJ beKaYLRUV (BaXcK 2005; CKaXKaQ,

MLVUa, aQd DKaU 2014; FXQN, SaOaWKp, aQd JaQVeQ 2010; MaR aQd YaQJ 2012a; PeUUa eW aO. 2011;

TaQaNa, KXPP, aQd FeOdPaQ 2002; VeUeOVW, WLOOeP, aQd BeXWeOV 2016). OWKeU PRdeOV KaYe

e[aPLQed a SKeQRPeQRQ NQRZQ aV ³cRXSOed cRQWaJLRQ,´ LQ ZKLcK LQdLYLdXaOV caQ WUaQVPLW QRW

RQO\ a dLVeaVe LWVeOf bXW aOVR cXOWXUaO facWRUV VXcK aV YaccLQe adRSWLRQ, dLVeaVe-UeOaWed feaUV, aQd

(PLV)LQfRUPaWLRQ, ZKLcK caQ LQ WXUQ PRdXOaWe WKeLU dLVeaVe VXVceSWLbLOLW\ LQ WKe VLPXOaWLRQ

(ESVWeLQ eW aO. 2008b; ESVWeLQ, HaWQa, aQd CURdeOOe 2021; SPaOdLQR aQd JRQeV 2021; MeKWa aQd

RRVeQbeUJ 2020). IQ UeaO SRSXOaWLRQV, KeaOWK SROLcLeV aQd RWKeU e[WeUQaO facWRUV caQ SOa\ a UROe LQ

VKaSLQJ YaccLQaWLRQ cXOWXUeV; WZR VXcK facWRUV aUe YaccLQe PaQdaWeV, ZKLcK dULYe YaccLQaWLRQ

XSWaNe (eYeQ aPRQJ YaccLQe-KeVLWaQW SeRSOe), aQd YaccLQe LQacceVVLbLOLW\, ZKLcK KLQdeUV YaccLQe

XSWaNe (eYeQ aPRQJ YaccLQe-cRQfLdeQW SeRSOe). CRPSXOVRU\ YaccLQaWLRQ SROLcLeV KaYe beeQ PeW
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ZLWK RSSRVLWLRQ VLQce WKeLU LPSOePeQWaWLRQ LQ WKe 1800¶V (DXUbacK 2005; SZaOeV 1992b). TKLV

RSSRVLWLRQ, LQWeUWZLQed ZLWK UeOLJLRXV aQd SROLWLcaO LdeaV, Oed WR WKe aOORZaQce Rf YaccLQaWLRQ

e[ePSWLRQV baVed RQ PedLcaO aQd QRQ-PedLcaO (e.J. UeOLJLRXV RU SKLORVRSKLcaO) UeaVRQV (BOXPe

2006). TKRXJK WKe LPSOePeQWaWLRQ Rf cRPSXOVRU\ YaccLQaWLRQV JeQeUaOO\ UeVXOWV LQ a dUaVWLc

UedXcWLRQ LQ dLVeaVe LQcLdeQce aQd PRUWaOLW\ (LaZOeU 2017; AbUeYa\a aQd MXOOLJaQ 2011), WKe

KLJK YaccLQaWLRQ cRYeUaJe WKaW fROORZV caQ facLOLWaWe WKe SXbOLc SeUceSWLRQ Rf UedXced dLVeaVe

VeYeULW\ aQd WKXV UedXced YaccLQe QeceVVLW\; WKLV SKeQRPeQRQ KaV beeQ RbVeUYed LQ UeaO

SRSXOaWLRQV (P. E. FLQe aQd COaUNVRQ 1986; P. FLQe, EaPeV, aQd He\PaQQ 2011) aQd LQcRUSRUaWed

LQWR PRdeOLQJ VWXdLeV (de FLJXeLUedR eW aO. 2020; FXQN, SaOaWKp, aQd JaQVeQ 2010; ReOXJa, BaXcK,

aQd GaOYaQL 2006). IQ WKLV YeLQ, QRQ-PedLcaO e[ePSWLRQV WR cRPSXOVRU\ YaccLQaWLRQV KaYe beeQ

LQcUeaVLQJ, SaUWLcXOaUO\ LQ ZeaOWKLeU cRXQWULeV ZKeUe WKeRUeWLcaO SUedLcWLRQV VXJJeVW WKaW beOLef

V\VWePV caQ acW aV WKe PaLQ baUULeU WR YaccLQaWLRQ, aV RSSRVed WR OacN Rf YaccLQe acceVV (SaOaWKp

aQd BRQKReffeU 2008; Ma\ aQd SLOYeUPaQ 2003). TKLV ULVe LQ QRQ-PedLcaO e[ePSWLRQV aSSeaUV WR

KaYe a QRQ-WULYLaO effecW RQ SXbOLc KeaOWK, VLQce WKeVe e[ePSWLRQV aUe cRUUeOaWed ZLWK WKe UeceQW

LQcUeaVe LQ VPD RXWbUeaNV LQ WKe UQLWed SWaWeV (AORe, KXOOdRUff, aQd BORRP 2017; PKadNe eW aO.

2016). HRZeYeU, WKe cLUcXPVWaQceV XQdeU ZKLcK YaccLQe PaQdaWeV PLJKW Oead WR LQcUeaVed

YaccLQe KeVLWaQc\ UePaLQ XQceUWaLQ.

EYeQ OeVV XQdeUVWRRd LV WKe SRWeQWLaO aVVRcLaWLRQ beWZeeQ YaccLQe (LQ)acceVVLbLOLW\ aQd

YaccLQe aWWLWXdeV. VaccLQe acceVVLbLOLW\ LVVXeV aUe e[WeUQaO SUeVVXUeV WKaW QeJaWLYeO\ LPSacW

YaccLQaWLRQ UaWeV aQd cRYeUaJe. CKaOOeQJeV WR YaccLQe acceVVLbLOLW\ aUe SaUWLcXOaUO\ SUeYaOeQW LQ

ORZ aQd PLddOe-LQcRPe cRXQWULeV aV ZeOO aV UXUaO aUeaV LQ deYeORSed cRXQWULeV (ZaffUaQ eW aO.

2013; ZeUKRXQL 2019). FRU e[aPSOe, VWRUaJe caSabLOLWLeV, dLVWULbXWLRQ ORJLVWLcV, aQd affRUdabLOLW\

caQ OLPLW WKe QXPbeU Rf YaccLQe dRVeV aYaLOabOe LQ a VSecLfLc aUea, aQd WKXV UedXce WKe QXPbeU Rf

LQdLYLdXaOV ZKR caQ UeceLYe a YaccLQe, OeaYLQJ YXOQeUabOe cRPPXQLWLeV aW ULVN fRU a VPD

RXWbUeaNV (ZaffUaQ eW aO. 2013; MaKRQe\ eW aO. 2007). TKLV OLPLWed acceVV Pa\ aOVR LQWeUacW ZLWK

SV\cKRORJLcaO aQd cXOWXUaO facWRUV, VXcK aV dLVWUXVW LQ WKe KeaOWKcaUe V\VWeP, SRWeQWLaOO\

e[aceUbaWLQJ WKe effecWV Rf ORZ YaccLQe acceVVLbLOLW\. FXUWKeU, YaccLQaWLRQ cXOWXUeV caQ be VKaSed

b\ e[SeULeQce ZLWK YaccLQeV aQd WKe dLVeaVe: fRU e[aPSOe, OLYLQJ LQ a UXUaO aUea cRXOd OLPLW

e[SRVXUe WR WKe dLVeaVe aQd aOWeU WKe SeUceSWLRQ Rf dLVeaVe ULVN, aQd a OacN Rf YaccLQe acceVV fRU

aQ e[WeQded SeULRd cRXOd eQWUeQcK ceUWaLQ aWWLWXdeV abRXW YaccLQeV LQ a cXOWXUe. TKXV, WR e[SOaLQ

WKe dLffeUeQceV LQ YaccLQaWLRQ RXWcRPeV aQd UeVXOWLQJ dLVeaVe ULVN acURVV KXPaQ SRSXOaWLRQV, LW LV
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cUXcLaO WR beWWeU XQdeUVWaQd KRZ cXOWXUaO beOLefV aQd beKaYLRUV LQWeUacW ZLWK e[WeUQaO SUeVVXUeV

WKaW LQcUeaVe RU UedXce YaccLQaWLRQ cRYeUaJe.

CXOWXUaO QLcKe cRQVWUXcWLRQ WKeRU\ deVcULbeV a SURceVV LQ ZKLcK KXPaQV PRdLf\ WKeLU

cXOWXUaO eQYLURQPeQWV²fRU e[aPSOe, WKeLU beOLefV, beKaYLRUV, SUefeUeQceV, aQd VRcLaO

cRQWacWV²LQ Za\V WKaW VXbVeTXeQWO\ aOWeU eYROXWLRQaU\ SUeVVXUeV RQ WKe SRSXOaWLRQ aQd LWV

cXOWXUe (JRKQ OdOLQJ-SPee, LaOaQd, aQd FeOdPaQ 2013). MaWKePaWLcaO PRdeOV Rf cXOWXUaO QLcKe

cRQVWUXcWLRQ KaYe beeQ XVed WR e[SOaLQ WKe eYROXWLRQ Rf beKaYLRUV UeOaWed WR UeOLJLRQ, feUWLOLW\, aQd

OaUJe-VcaOe KXPaQ cRQfOLcW (FRJaUW\ aQd CUeaQ]a 2017; JRKQ OdOLQJ-SPee, LaOaQd, aQd FeOdPaQ

2013; O¶BULeQ eW aO. 2012; FXeQWeV 2013; CUeaQ]a, FRJaUW\, aQd FeOdPaQ 2012; CUeaQ]a aQd

FeOdPaQ 2014). SLQce KeaOWK cXOWXUeV caQ be VKaSed b\ RU LQfOXeQce WKe OaUJeU cXOWXUaO OaQdVcaSe,

WKe cXOWXUaO QLcKe cRQVWUXcWLRQ fUaPLQJ caQ JLYe LQVLJKW LQWR WKe cXOWXUaO d\QaPLcV VKaSLQJ

dLVeaVe ULVN. B\ XVLQJ WKLV W\Se Rf PRdeO WR VLPXOaWe WKe LQWeUacWLRQV beWZeeQ beOLefV aQd

beKaYLRUV, Ze VeeN WR XQdeUVWaQd KRZ YaccLQaWLRQ cXOWXUeV affecW YaccLQaWLRQ cRYeUaJe, aV ZeOO

aV KRZ YaccLQe-UeOaWed beOLefV aQd beKaYLRUV aUe affecWed b\ e[WeUQaO fRUceV, VXcK aV WKe

aYaLOabLOLW\ Rf YaccLQeV aQd WKe deJUee WR ZKLcK WKe\ aUe cRPSXOVRU\.

We adaSWed a cXOWXUaO QLcKe cRQVWUXcWLRQ fUaPeZRUN WR PRdeO YaccLQaWLRQ beOLefV aQd

beKaYLRUV, LQcRUSRUaWLQJ WKe WUaQVPLVVLRQ Rf YaccLQaWLRQ cXOWXUe bRWK fURP SaUeQWV aQd fURP WKe

cRPPXQLW\ (AQdeUVRQ aQd CUeaQ]a 2023). UVLQJ WKLV PRdeO, Ze SUeYLRXVO\ dePRQVWUaWed WKaW

WKe RYeUaUcKLQJ cXOWXUaO OaQdVcaSe, LQcOXdLQJ WKe OLNeOLKRRd Rf adRSWLQJ YaccLQe KeVLWaQc\ aQd

WKe SURbabLOLW\ Rf WUaQVPLWWLQJ LW WR RQe¶V cKLOdUeQ, deWeUPLQeV WKe eTXLOLbULXP OeYeOV Rf

YaccLQaWLRQ cRYeUaJe aQd YaccLQe KeVLWaQc\ LQ a SRSXOaWLRQ. IQ addLWLRQ, Ze dePRQVWUaWed WKaW

WKe WUaQVPLVVLRQ Rf YaccLQe cRQfLdeQce aQd SRVLWLYe YaccLQe SeUceSWLRQ aUe LPSeUaWLYe WR

PaLQWaLQLQJ KLJK OeYeOV Rf YaccLQaWLRQ cRYeUaJe, eVSecLaOO\ ZKeQ LQdLYLdXaOV SUefeUeQWLaOO\

cKRRVe a SaUWQeU ZLWK VKaUed YaccLQe beOLefV. IQ WKLV PaQXVcULSW, Ze e[SaQd WKe VcRSe Rf WKLV

PRdeO WR e[SORUe KRZ WKe YaccLQaWLRQ cRYeUaJe aQd YaccLQe KeVLWaQc\ LQ a SRSXOaWLRQ cRXOd be

affecWed b\ e[WeUQaO fRUceV. IQ SaUWLcXOaU, Ze fRcXV RQ YaccLQe PaQdaWeV aQd YaccLQe

LQacceVVLbLOLW\, ZKLcK bRWK Oead WR a decRXSOLQJ Rf SaUeQWaO YaccLQe beOLefV aQd WKeLU YaccLQaWLRQ

beKaYLRUV VXcK WKaW YaccLQe PaQdaWeV caQ LQcUeaVe WKe cKaQceV WKaW YaccLQe-KeVLWaQW SaUeQWV ZLOO

YaccLQaWe WKeLU cKLOdUeQ, aQd YaccLQe LQacceVVLbLOLW\ caQ decUeaVe WKe cKaQceV WKaW

YaccLQe-cRQfLdeQW SaUeQWV ZLOO YaccLQaWe WKeLU cKLOdUeQ. We e[SORUe WKe effecWV Rf WKeVe e[WeUQaO

fRUceV RQ WKe d\QaPLcV Rf bRWK YaccLQe beOLefV aQd YaccLQaWLRQ cRYeUaJe, SURYLdLQJ LQVLJKW LQWR
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WKe dLffeUeQceV beWZeeQ cXOWXUaO deYeORSPeQW LQ WKe RSSRVLQJ cRQWe[WV Rf PaQdaWeV aQd

LQacceVVLbLOLW\.

MeWhRdV

We bXLOd RQ a PRUe JeQeUaO cXOWXUaO QLcKe cRQVWUXcWLRQ fUaPeZRUN Rf (CUeaQ]a, FRJaUW\,

aQd FeOdPaQ 2012; AQdeUVRQ aQd CUeaQ]a 2023) WR aVVeVV WKe effecWV Rf YaccLQe PaQdaWeV aQd

YaccLQe acceVVLbLOLW\ RQ WKe UeVXOWLQJ OaQdVcaSe Rf YaccLQaWLRQ cRYeUaJe aQd YaccLQe cRQfLdeQce.

FRU a SRSXOaWLRQ Rf LQdLYLdXaOV, Ze WUacN WKe VWaWXV Rf YaccLQaWLRQ cRYeUaJe aQd YaccLQe

cRQfLdeQce RYeU WLPe; ZLWKLQ WKLV SRSXOaWLRQ, LQdLYLdXaOV PaWe, decLde ZKeWKeU WR YaccLQaWe WKeLU

RffVSULQJ, aQd WUaQVPLW a YaccLQe aWWLWXde WUaLW. TKeLU decLVLRQ WR YaccLQaWe LV LQfOXeQced b\ WKeLU

RZQ beOLefV aQd WKeLU YaccLQaWLRQ VWaWeV, aQd SRSXOaWLRQ WUaLW fUeTXeQcLeV aUe fXUWKeU PRdXOaWed

b\ YaccLQaWLRQ fUeTXeQc\ deSeQdeQW cXOWXUaO VeOecWLRQ SUeVVXUeV.

GeQeUaO FUaPeZRUN Rf Whe MRdeO

EacK LQdLYLdXaO LQ RXU PRdeO (deSLcWed LQ FigXre 3.1) KaV a YaccLQaWLRQ (V) WUaLW, eLWKeU

V+ (YaccLQaWed) RU Ví (XQYaccLQaWed), aQd aQ aWWLWXde (A) WUaLW, eLWKeU A+ (YaccLQe cRQfLdeQW) RU

Aí (YaccLQe KeVLWaQW), UeVXOWLQJ LQ fRXU SRVVLbOe SKeQRW\SeV (V+A+, V+Aí, VíA+, aQd VíAí) WKaW

Ze LQLWLaOL]e ZLWK fUeTXeQcLeV VWUXcWXUed WR UeSUeVeQW WKRVe Rf WKe UQLWed SWaWeV: V+A+ (L.e.

fUeTXeQc\ Rf YaccLQaWed, YaccLQe cRQfLdeQW LQdLYLdXaOV) = 0.81, V+Aí = 0.1, VíA+ = 0.07, VíAí =

0.02. TKeVe fUeTXeQcLeV ZeUe eVWLPaWed XVLQJ UeSRUWV Rf MeaVOeV-MXPSV-RXbeOOa YaccLQaWLRQ

UaWeV aQd eVWLPaWeV Rf YaccLQe aWWLWXde fUeTXeQcLeV RbWaLQed fURP YaULRXV VRXUceV LQ WKe OLWeUaWXUe

(KeQQed\, BURZQ, aQd GXVW 2005; LeaVN 2011). IQ eacK LWeUaWLRQ, LQdLYLdXaOV PaWe UaQdRPO\

ZLWKLQ WKe SRSXOaWLRQ. EacK SaUeQWaO SaLU YaccLQaWeV WKeLU RffVSULQJ ZLWK SURbabLOLW\ Bm,n (L.e.,

YeUWLcaO WUaQVPLVVLRQ Rf YaccLQaWLRQ, ZLWK WKe VXbVcULSW m deQRWLQJ WKe YaccLQaWLRQ WUaLW SaLU aQd

n deQRWLQJ WKe aWWLWXde WUaLW SaLU Rf WKe SaUeQWV; Vee Table 3.1 aQd Table 2.2); LQ JeQeUaO, WKLV

SURbabLOLW\ LQcUeaVeV ZLWK eacK YaccLQaWed aQd YaccLQe-cRQfLdeQW SaUeQW. TKLV YaccLQaWLRQ

SURbabLOLW\ LV LQfOXeQced b\ WZR facWRUV: ZKeWKeU eacK Rf WKe SaUeQWV aUe WKePVeOYeV YaccLQaWed

(bm), aQd ZKeWKeU eacK Rf WKe SaUeQWV aUe YaccLQe cRQfLdeQW RU KeVLWaQW (cn). TKe SURbabLOLW\ WKaW a

cRXSOe YaccLQaWeV WKeLU RffVSULQJ LV caOcXOaWed aV , WR accRXQW fRU WKe LQfOXeQce𝐵
𝑚,𝑛

ࡦ 𝑐
𝑛

𝑏࡟1
𝑚

2ഈ ഉ
Rf bRWK YaccLQaWLRQ VWaWeV aQd YaccLQe aWWLWXdeV . We PRdeO YaU\LQJ OeYeOV Rf YaccLQe PaQdaWeV

aQd LQacceVVLbLOLW\ b\ PRdXOaWLQJ WKe LQfOXeQce WKaW SaUeQWaO YaccLQe aWWLWXdeV KaYe RQ WKe

OLNeOLKRRd WKaW WKe\ YaccLQaWe WKeLU RffVSULQJ (b\ LQcUeaVLQJ RU decUeaVLQJ cn): fRU e[aPSOe, a
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YaccLQe PaQdaWe ZLOO PaNe a YaccLQe-KeVLWaQW SaUeQW PRUe OLNeO\ WR YaccLQaWe WKeLU cKLOd, aQd

YaccLQe LQacceVVLbLOLW\ ZLOO PaNe a YaccLQe-cRQfLdeQW SaUeQW OeVV OLNeO\ WR YaccLQaWe WKeLU cKLOd.

EacK SaUeQWaO SaLU aOVR WUaQVPLWV a YaccLQe aWWLWXde WUaLW WR WKeLU RffVSULQJ (L.e., YeUWLcaO

WUaQVPLVVLRQ Rf beOLefV) ZLWK YaccLQe cRQfLdeQce WUaQVPLWWed aW SURbabLOLW\ Cn aQd YaccLQe

KeVLWaQc\ aW SURbabLOLW\ 1-Cn. We VeW WKe SURbabLOLW\ Rf WUaQVPLWWLQJ YaccLQe cRQfLdeQce WR be

KLJKeVW fRU WZR YaccLQe-cRQfLdeQW SaUeQWV aQd ORZeVW fRU WZR YaccLQe-KeVLWaQW SaUeQWV (Table

3.1). FRU VLPSOLcLW\, Ze VeW WKe baVeOLQe cRQfLdeQce WUaQVPLVVLRQ SURbabLOLWLeV (Cn) WR YaOXeV

UePLQLVceQW Rf MeQdeOLaQ WUaQVPLVVLRQ, VXcK WKaW WZR YaccLQe-cRQfLdeQW RU WZR YaccLQe-KeVLWaQW

SaUeQWV SUedLcWabO\ (a100% OLNeO\) WUaQVPLW WKeLU YaccLQe aWWLWXde, aQd SaUeQWV ZLWK dLffeULQJ

YaccLQe aWWLWXdeV eacK KaYe a a50% cKaQce Rf WUaQVPLWWLQJ eacK VWaWe: C0 QeaU 0, C1 aQd C2 aW 0.5,

C3 QeaU 1 (Table 3.1). IQfOXeQce SaUaPeWeUV, bm aQd cn, aUe YaOXed VLPLOaUO\ aQd SUedLcW WKe

SURbabLOLW\ WKaW WKe cRXSOe YaccLQaWeV WKeLU cKLOdUeQ accRUdLQJ WR WKe eTXaWLRQ ,𝐵
𝑚,𝑛

ࡦ 𝑐
𝑛

𝑏࡟1
𝑚

2ഈ ഉ
VXcK WKaW SaUeQWV ZKR aUe bRWK YaccLQe cRQfLdeQW aQd YaccLQaWed aUe PRVW OLNeO\ WR YaccLQaWe,

YaccLQe KeVLWaQW aQd XQYaccLQaWed SaUeQWV aUe OeaVW OLNeO\ WR YaccLQaWe, aQd SaUeQWaO SaLUV ZLWK

PL[ed VWaWeV Rf RQe RU bRWK WUaLWV ZLOO KaYe LQWeUPedLaWe OLNeOLKRRdV Rf YaccLQaWLQJ.

Ne[W, cXOWXUaO VeOecWLRQ (ı) RSeUaWeV RQ WKe UeVXOWLQJ SKeQRW\Se fUeTXeQcLeV VXcK WKaW WKe

fUeTXeQc\ Rf YaccLQaWLRQ LQ WKe SRSXOaWLRQ LV JUeaWeU RU OeVV WKaQ e[SecWed JLYeQ WKe SUedLcWed

SURbabLOLWLeV WKaW YaccLQe-cRQfLdeQW aQd -KeVLWaQW SaUeQWV YaccLQaWe WKeLU RffVSULQJ. TKe

SURSRUWLRQ Rf YaccLQaWed LQdLYLdXaOV LQ WKe SRSXOaWLRQ LV PXOWLSOLed b\ 1+ı, VXcK WKaW a SRVLWLYe ı

LQcUeaVeV WKe SURSRUWLRQ Rf YaccLQaWed LQdLYLdXaOV aQd a QeJaWLYe ı decUeaVeV LW. TKLV SURceVV

eQcRPSaVVeV WKe YaULRXV facWRUV WKaW PLJKW PaNe SaUeQWV PRUe RU OeVV OLNeO\ WR YaccLQaWe,

LQcOXdLQJ WKe VeYeULW\ Rf WKe dLVeaVe aQd WKe JeQeUaO WUXVW LQ WKe KeaOWKcaUe V\VWeP. SLQce WKe

SeUceLYed beQefLW Rf WKe YaccLQe PLJKW YaU\ baVed RQ WKe YaccLQaWLRQ cRYeUaJe LQ WKe SRSXOaWLRQ,

Ze aOORZ ı WR deSeQd RQ WKe fUeTXeQc\ Rf WKe V+ WUaLW: ZKeQ WKe fUeTXeQc\ Rf YaccLQaWLRQ LV ORZ,

WKe effecWV Rf WKe dLVeaVe aUe PRUe eYLdeQW aQd LQdLYLdXaOV aUe PRUe OLNeO\ WR YaccLQaWe (KLJK ı),

bXW ZKeQ WKe fUeTXeQc\ Rf YaccLQaWLRQ LV KLJK, WKe ULVNV Rf WKe dLVeaVe aUe PaVNed aQd

LQdLYLdXaOV aUe OeVV OLNeO\ WR YaccLQaWe (ORZeU ı) (Vee SXpplementar\ Te[t S3.1 fRU a PRUe

deWaLOed e[SOaQaWLRQ Rf KRZ ı LV caOcXOaWed aV a fXQcWLRQ Rf YaccLQaWLRQ cRYeUaJe (V+)). TKe

eTXaWLRQ UeOaWLQJ WKe fUeTXeQc\ Rf V+ aQd ı LV JLYeQ LQ FigXre 2.1. IQ JeQeWLcV, WKe VeOecWLRQ

cReffLcLeQW LV WUadLWLRQaOO\ VPaOO (LQ WKe UaQJe Rf -0.1 WR 0.1 (E\Ue-WaONeU aQd KeLJKWOe\ 2007));
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aW baVeOLQe LQ RXU PRdeO, Ze NeSW WKe Pa[LPXP cXOWXUaO VeOecWLRQ cReffLcLeQW aW 0.1 ZKLcK

aOORZed fRU bRWK SRVLWLYe aQd QeJaWLYe VeOecWLRQ deSeQdLQJ RQ WKe fUeTXeQc\ Rf YaccLQaWed

LQdLYLdXaOV LQ WKe SUeYLRXV LWeUaWLRQ.

FLQaOO\, RbOLTXe LQWeUacWLRQV (cXOWXUaO LQfOXeQceV fURP QRQ-SaUeQWaO LQdLYLdXaOV) WKeQ acW

WR fXUWKeU PRdLf\ WUaLW fUeTXeQcLeV LQ WKe SRSXOaWLRQ. IQdLYLdXaOV LQ WKe VLPXOaWLRQ caQ cKaQJe

WKeLU YaccLQe aWWLWXdeV baVed RQ LQWeUacWLRQV ZLWK RWKeUV aQd WKeLU SeUceSWLRQV Rf WKeLU

VXUURXQdLQJV. If WKe YaccLQaWLRQ cRYeUaJe LQ WKe SRSXOaWLRQ LV ORZ, Ze cRQVLdeU WKe QeJaWLYe

effecWV Rf WKe dLVeaVe WR be PRUe aSSaUeQW aQd WKXV SeRSOe ZLOO be OeVV OLNeO\ WR adRSW a

YaccLQe-KeVLWaQW aWWLWXde, aQd Lf WKe YaccLQaWLRQ cRYeUaJe LV KLJK, WKe QeJaWLYe effecWV Rf WKe

dLVeaVe aUe SUeYeQWed (aPSOLf\LQJ WKe SeUceSWLRQ Rf WKe YaccLQe¶V ULVNV aQd cRVWV, KRZeYeU VPaOO)

aQd SeRSOe PLJKW be PRUe OLNeO\ WR becRPe YaccLQe KeVLWaQW (FigXre 2.2). EacK VXbVeTXeQW

LWeUaWLRQ Rf WKe PRdeO beJLQV ZLWK WKe SKeQRW\Se fUeTXeQcLeV SURdXced aW WKe eQd Rf WKe cXUUeQW

LWeUaWLRQ. TKe VLPXOaWLRQ LV UXQ XQWLO SKeQRW\Se fUeTXeQcLeV UeacK eTXLOLbULXP (FigXre 3.1, Table

3.1). FRU PRUe deWaLO Vee SXpplementar\ Te[t S3.1 aQd (AQdeUVRQ aQd CUeaQ]a 2023). AOO cRde

WR UXQ WKe VLPXOaWLRQV LV SURYLded aW ZZZ.JLWKXb.cRP/CUeaQ]aLab/VaccLQeMRdeO aQd

KWWS://dRL.RUJ/10.6084/P9.fLJVKaUe.22493317.
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FigXre 3.1: WorkfloZ of a single iteration of the model. TKe VcKePaWLc VKRZV WKe SURceVVeV

ZLWKLQ a VLQJOe PRdeO LWeUaWLRQ. TKe PRdeO LV LQLWLaOL]ed ZLWK WKe SKeQRW\SLc fUeTXeQcLeV (V+A+,

V+Aí, VíA+, VíAí) LQ WKe SRSXOaWLRQ. AfWeU LQdLYLdXaOV PaWe aQd UeSURdXce, WKe\ YeUWLcaOO\

WUaQVPLW YaccLQaWLRQ aQd aWWLWXde WUaLWV WR WKeLU RffVSULQJ. VaccLQaWLRQ WUaLW fUeTXeQcLeV aUe fXUWKeU

PRdXOaWed b\ cXOWXUaO VeOecWLRQ. ObOLTXe WUaQVPLVVLRQ (cXOWXUaO WUaQVPLVVLRQ fURP QRQ-SaUeQWaO

adXOWV LQ WKe SRSXOaWLRQ) fROORZV, ZKLcK Pa\ Oead RffVSULQJ WR aOWeU WKeLU aWWLWXde VWaWe.

(PaUaPeWeUV, WKeLU defLQLWLRQV, aQd baVeOLQe YaOXeV aUe OLVWed LQ Table 3.1)
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Table 3.1: List of parameters, their definitions, and baseline YalXes.

Parameter Meaning
V VaccLQaWLRQ VWaWe (V+ YaccLQaWed, Ví XQYaccLQaWed)
A VaccLQe aWWLWXde (A+ cRQfLdeQW, Aí KeVLWaQW)
BP,Q PURbabLOLW\ WKaW SaUeQWaO SaLUV YaccLQaWe WKeLU cKLOdUeQ, ZKLcK deSeQdV XSRQ WKe

SaUeQWV¶ YaccLQaWLRQ VWaWeV (bP) aQd YaccLQe aWWLWXdeV (cQ) (JLYeQ LQ Table S2.2)
CQ PURbabLOLW\ WKaW SaUeQWaO SaLUV WUaQVPLW YaccLQe cRQfLdeQce WR WKeLU cKLOdUeQ

Baseline: C0= 0.01, C1= C2 = 0.5, C3 = 0.99
bP PURbabLOLW\ WKaW SaUeQWaO SaLUV VXSSRUW RffVSULQJ YaccLQaWLRQ JLYeQ WKeLU

YaccLQaWLRQ VWaWeV
Baseline: b0= 0.01, b1= b2 = 0.5, b3 = 0.99

cQ PURbabLOLW\ WKaW SaUeQWaO SaLUV VXSSRUW RffVSULQJ YaccLQaWLRQ JLYeQ WKeLU YaccLQe
aWWLWXde
Baseline: c0= 0.01, c1= c2 = 0.5, c3 = 0.99

ı CRPSUeKeQVLYe VeOecWLRQ cReffLcLeQW fRU V+, deSeQdeQW RQ WKe SRSXOaWLRQ-ZLde
YaccLQaWLRQ UaWe (Vee FigXre 2.2)

ıma[ TKe KLJKeVW addLWLRQaO beQefLW WKaW caQ be cRQfeUUed b\ YaccLQaWLRQ
Baseline: ıma[= 0.1

Parameter sXbscripts
indicating traits of
the mating pair (P
and Q in bP, cQ, CQ,
and BP,Q)

VíîVí: m=0; VíîV+: m=1; V+îVí: m=2; V+îV+: m=3
AíîAí: n=0; AíîA+: n=1; A+îAí: n=2; A+îA+: n=3

PaUaPeWeUi]aWiRQ fRU CRPSXOVRU\ VacciQaWiRQ aQd VacciQe IQacceVVibiOiW\ SiPXOaWiRQV

We K\SRWKeVL]e WKaW SaUeQWaO YaccLQe aWWLWXdeV LQfOXeQce WKeLU XVe Rf e[ePSWLRQV aQd WKXV

OeYeOV Rf QRQ-YaccLQaWLRQ ZLOO dLffeU baVed RQ SaUeQWaO aWWLWXdeV XQdeU a PaQdaWed YaccLQaWLRQ

V\VWeP. TKeUefRUe, Ze VLPXOaWe WKe effecWV Rf cRPSXOVRU\ YaccLQaWLRQ b\ PRdXOaWLQJ WKe

LQfOXeQce Rf a cRXSOe¶V YaccLQe aWWLWXdeV RQ WKeLU OLNeOLKRRd Rf YaccLQaWLQJ WKeLU RffVSULQJ (cQ); LQ

RWKeU ZRUdV, a YaccLQe PaQdaWe aOWeUV WKe LQfOXeQce Rf a cRXSOe¶V YaccLQe aWWLWXde RQ WKeLU

decLVLRQ WR YaccLQaWe. We aVVXPe WKe LPSOePeQWaWLRQ Rf PaQdaWeV ZRXOd LQcUeaVe YaccLQaWLRQ LQ

cRXSOeV ZLWK aW OeaVW RQe YaccLQe-KeVLWaQW LQdLYLdXaO. If YaccLQaWLRQ e[ePSWLRQV aUe SeUPLWWed, Ze

e[SecW WKaW Aí î Aí cRXSOeV (WKRVe ZLWK WZR YaccLQe-KeVLWaQW LQdLYLdXaOV) ZRXOd be PRVW OLNeO\

WR RbWaLQ e[ePSWLRQV, fROORZed b\ PL[ed aWWLWXde (Aí î A+ RU A+ î Aí) cRXSOeV, ZLWK YaccLQe

cRQfLdeQW cRXSOeV (A+ î A+) beLQJ OeaVW OLNeO\. HeQce, WR PRdeO WKe effecWV Rf LPSOePeQWLQJ a

YaccLQe PaQdaWe, Ze LQcUeaVe aWWLWXde LQfOXeQce SaUaPeWeUV fURP baVeOLQe YaOXeV (Table 3.1) WR

UeSUeVeQW WZR OeYeOV Rf PaQdaWe VWULcWQeVV, a VWULcW PaQdaWe LQ ZKLcK c0 = 0.5, c1 = c2 = 0.9, c3 =

0.99 aQd a PRUe OeQLeQW PaQdaWe LQ ZKLcK c0 = 0.3, c1 = c2 = 0.7, c3 = 0.99 (FigXre 3.2).
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SLPLOaUO\, WR UeSUeVeQW a YaccLQe LQacceVVLbLOLW\ VceQaULR, Ze UedXced WKe LQfOXeQce Rf

SaUeQWaO YaccLQe aWWLWXdeV RQ YaccLQaWLRQ beKaYLRUV fRU cRXSOeV ZLWK aW OeaVW RQe cRQfLdeQW

LQdLYLdXaO (L.e. UedXcLQJ c1, c2, c3 fURP baVeOLQe YaOXeV). IQ WKLV VLPSOe UeSUeVeQWaWLRQ Rf a

YaccLQe-VcaUce eQYLURQPeQW, Ze aVVXPe WKaW SaUeQWV¶ cRQfLdeQce LQ YaccLQeV ZRXOd KaYe UedXced

LQfOXeQce RQ WKeLU abLOLW\ WR YaccLQaWe WKeLU RffVSULQJ, WKaW LV, WKeLU YaccLQe cRQfLdeQce dReV QRW

eQVXUe WKeLU abLOLW\ WR RYeUcRPe YaccLQe LQacceVVLbLOLW\. HeVLWaQW cRXSOeV aUe OeaVW OLNeO\ WR

YaccLQaWe WKeLU RffVSULQJ UeJaUdOeVV Rf YaccLQe aYaLOabLOLW\, bXW cRXSOeV ZKR ZRXOd OLNeO\

YaccLQaWe WKeLU RffVSULQJ JLYeQ WKe cKaQce ZRXOd KaYe dLffLcXOW\ dRLQJ VR dXe WR WKe OacN Rf

acceVV. We PRdeOed WZR OeYeOV Rf YaccLQe LQacceVVLbLOLW\± a VRPeZKaW LQacceVVLbOe YaccLQe LQ

ZKLcK c0 = 0.01, c1 = c2 = 0.3 , aQd c3 = 0.7 aQd aQ LQacceVVLbOe YaccLQe LQ ZKLcK c0 = 0.01, c1 = c2
= 0.1, c3 = 0.5. AVVXPLQJ PL[ed aWWLWXde (Aí î A+ RU A+ î Aí) cRXSOeV e[KLbLW WKe PRVW

YaULabLOLW\ LQ WKeLU OLNeOLKRRd Rf WUaQVPLWWLQJ YaccLQe cRQfLdeQce, Ze WKeQ e[aPLQed WKe effecW Rf

WKe LQWeUacWLRQ beWZeeQ WKe Pa[LPXP cXOWXUaO VeOecWLRQ cReffLcLeQW (ıPa[) aQd PL[ed-aWWLWXde

cRQfLdeQce WUaQVPLVVLRQ SURbabLOLW\ (C1=C2) fRU a VceQaULR ZLWK baVeOLQe SaUaPeWeUV (QR acWLYe

PaQdaWe aQd aQ acceVVLbOe YaccLQe), ZLWK a OeQLeQW PaQdaWe, aQd ZLWK a VRPeZKaW LQacceVVLbOe

YaccLQe (FigXre 3.2).

We Qe[W e[aPLQed WKe effecWV Rf YaU\LQJ WKe WUaQVPLVVLRQ SURbabLOLW\ Rf YaccLQe

cRQfLdeQce SaUaPeWeUV fRU aOO cRXSOe W\SeV (C0, C1, C2 aQd C3), LQVWead Rf fRcXVLQJ RQ WKe YaccLQe

cRQfLdeQce WUaQVPLVVLRQ Rf PL[ed-aWWLWXde cRXSOeV. We YaULed aOO Cn SaUaPeWeUV VLPXOWaQeRXVO\

ZLWKLQ a VSecLfLed UaQJe Rf YaOXeV (Table S2.3) acURVV dLffeUeQW OeYeOV Rf PaQdaWe VWULcWQeVV

(FigXre 3.4) aQd YaccLQe LQacceVVLbLOLW\ (FigXre 3.5). AV befRUe, Ze YaULed WKeVe SaUaPeWeUV LQ

cRQMXQcWLRQ ZLWK WKe Pa[LPXP cXOWXUaO VeOecWLRQ cReffLcLeQW ıPa[.

ReVXOWV

CRPSXOVRU\ VacciQaWiRQ aQd VacciQe IQacceVVibiOiW\
We e[aPLQed WKe effecW Rf WKe LQWeUacWLRQ beWZeeQ WKe Pa[LPXP cXOWXUaO VeOecWLRQ

cReffLcLeQW (ıPa[) aQd cRQfLdeQce WUaQVPLVVLRQ SURbabLOLW\ Rf PL[ed-aWWLWXde cRXSOeV (Aí î A+ aQd

A+ î A±; C1=C2) (FigXre 3.2). MRdeOLQJ WKe effecWV Rf a YaccLQe PaQdaWe UeYeaOV a decRXSOLQJ Rf

YaccLQaWLRQ cRYeUaJe aQd YaccLQe cRQfLdeQce WUaMecWRULeV ZKeQ SaUeQWV aUe PRUe OLNeO\ WR

WUaQVPLW YaccLQe KeVLWaQc\ (FigXre 3.2C-D). EYeQ ZKeQ YaccLQe cRQfLdeQce LV YeU\ ORZ

(VSecLfLcaOO\ aW PL[ed-WUaLW cRXSOe cRQfLdeQce WUaQVPLVVLRQ SURbabLOLWLeV beORZ 0.5; Ued UeJLRQ LQ

FigXre 3.2D), YaccLQaWLRQ cRYeUaJe LV KLJKeU ZLWK a OeQLeQW PaQdaWe WKaQ ZLWKRXW WKe PaQdaWe
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(cRPSaUe FigXre 3.2C-D WR FigXre 3.2A-B; SXpplementar\ Table S3.1). HRZeYeU, WKe

OeQLeQc\ Rf WKe PaQdaWe LQ FigXre 3.2C-D PeaQV WKaW PaQ\ YaccLQe-KeVLWaQW cRXSOeV caQ RbWaLQ

aQ e[ePSWLRQ, aQd YaccLQaWLRQ cRYeUaJe UePaLQV ORZeU ZKeQ YaccLQe KeVLWaQc\ LV cRPPRQ. TKLV

VXJJeVWV WKaW aQ e[WeUQaO SUeVVXUe WR YaccLQaWe KeOSV RYeUcRPe WKe RSSRVLQJ cXOWXUaO SUeVVXUe

LPSRVed b\ KeVLWaQc\ LQ WKe SRSXOaWLRQ, bXW a PaQdaWe ZRXOd KaYe WR be VWULcWeU WR acKLeYe KeUd

LPPXQLW\ LQ a SUedRPLQaQWO\ YaccLQe-KeVLWaQW SRSXOaWLRQ.
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FigXre 3.2: E[ternal factors (Yaccine mandates and Yaccine scarcit\) decoXple eqXilibriXm

leYels of Yaccine confidence from Yaccination coYerage. HeaWPaSV VKRZLQJ eTXLOLbULXP

YaccLQe cRYeUaJe aQd YaccLQe cRQfLdeQce OeYeOV ZLWK aQ acceVVLbOe YaccLQe aQd QR acWLYe

PaQdaWe (A, B), ZLWK aQ acceVVLbOe YaccLQe aQd a OeQLeQW PaQdaWe (C, D) aQd aQ eQYLURQPeQW

ZLWK YaccLQeV VRPeZKaW LQacceVVLbOe (E, F). AVVXPLQJ PL[ed-aWWLWXde cRXSOeV PLJKW KaYe WKe

PRVW YaULabLOLW\ LQ WKeLU OLNeOLKRRd Rf WUaQVPLWWLQJ YaccLQe cRQfLdeQce WR WKeLU RffVSULQJ, Ze YaU\

C1 = C2 (cRQfLdeQce WUaQVPLVVLRQ SURbabLOLW\ Rf PL[ed-aWWLWXde cRXSOeV) RQ WKe YeUWLcaO a[LV, aQd

Pa[LPXP VeOecWLRQ cReffLcLeQW ıPa[ (LQdLcaWLYe Rf WKe SeUceLYed YaOXe Rf YaccLQaWLQJ RffVSULQJ)

RQ WKe KRUL]RQWaO a[LV. A OeQLeQW PaQdaWe (C, D) LV PRdeOed b\ c0 = 0.3, c1 = c2 = 0.7, c3 = 0.99;

YaccLQe LQacceVVLbLOLW\ (E, F) LV PRdeOed b\ c0 = 0.01, c1 = c2 = 0.3, c3 = 0.7. UQVSecLfLed

SaUaPeWeUV aUe JLYeQ LQ Table 3.1. TKeVe VLPXOaWLRQV VKRZ aQ LQYeUVe cRUUeOaWLRQ beWZeeQ

YaccLQaWLRQ cRYeUaJe aQd YaccLQe cRQfLdeQce aW Cn < 0.5 XQdeU a OeQLeQW PaQdaWe, aQd Cn > 0.5

ZKeQ YaccLQe acceVV LV OLPLWed. BaVeOLQe cRQdLWLRQV (Table 3.1) aUe KLJKOLJKWed b\ bOacN bR[eV LQ

eacK KeaWPaS. TR facLOLWaWe cRPSaULVRQV beWZeeQ SaQeOV, WKe PeaQ aQd PedLaQ fRU WKe VecWLRQ Rf

WKe KeaWPaSV ZLWK C1 = C2 < 0.5 aUe SUeVeQWed LQ SXpplementar\ Table S3.1.
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FigXre 3.3: Vaccine mandates and inaccessibilit\ driYe different distribXtions of both

Yaccination coYerage and Yaccine confidence. PKeQRW\Se aQd WUaLW fUeTXeQcLeV aUe SORWWed RYeU

100 PRdeO LWeUaWLRQV. CRPSaUed WR baVeOLQe WUaQVPLVVLRQ OeYeOV (SaQeO A, SaUaPeWeU YaOXeV JLYeQ

LQ Table 3.1), a OeQLeQW YaccLQe PaQdaWe (c0 = 0.3, c1 = c2 = 0.7, c3 = 0.99; SaQeO B) OeadV WR

LQcUeaVed YaccLQaWLRQ cRYeUaJe aW eTXLOLbULXP (bOacN OLQe) bXW decUeaVed YaccLQe cRQfLdeQce

OeYeOV (PaJeQWa OLQe). IQ cRQWUaVW, ZKeQ a YaccLQe LV VRPeZKaW dLffLcXOW WR acceVV (c0 = 0.01 ; c1 =

c2 = 0.3 , aQd c3 = 0.7; SaQeO C), YaccLQaWLRQ cRYeUaJe LV ORZeU WKaQ LQ SaQeO A bXW YaccLQe

cRQfLdeQce LV KLJKeU. TKe VSecLfLc VLPXOaWLRQV VKRZQ KeUe aUe KLJKOLJKWed ZLWK bOacN UecWaQJOeV

RQ WKe KeaWPaSV LQ FigXre 3.2.
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Table 3.2: Change from Baseline EqXilibriXm FreqXencies. FLQaO eTXLOLbULXP fUeTXeQcLeV fRU

baVeOLQe, a OeQLeQW YaccLQe PaQdaWe, aQd a VRPeZKaW LQacceVVLbOe YaccLQe aUe VKRZQ aORQJ ZLWK

WKe SeUceQW dLffeUeQce fURP baVeOLQe fUeTXeQcLeV. CRORUed OLQeV LQ WKe fLUVW URZ cRUUeVSRQd WR WKe

OLQe cRORUV LQ FigXre 3.3. NeJaWLYe cKaQJeV aUe LQdLcaWed b\ a Ued dRZQZaUd SRLQWLQJ WULaQJOe;

SRVLWLYe cKaQJeV aUe LQdLcaWed b\ JUeeQ XSZaUd SRLQWLQJ WULaQJOe. A YaccLQe PaQdaWe OeadV WR

LQcUeaVed YaccLQaWLRQ aPRQJ YaccLQe-KeVLWaQW LQdLYLdXaOV, aQd YaccLQe LQacceVVLbLOLW\ OeadV WR

decUeaVed YaccLQaWLRQ aQd LQcUeaVed YaccLQe cRQfLdeQce aPRQJ XQYaccLQaWed LQdLYLdXaOV.

Phenot\pe V+A+ ━ V+Aí━ VíA+ ━ VíAí ━ V+ ━ A+ ━

Baseline EqXilibriXm
FreqXencies 46.3% 9.7% 20% 24% 56% 66.3%

Percent Diff.
from Baseline Mandate 42.1%

(-9%)ź
19.1%
(97%)Ÿ

14.6%
(-27%)ź

24.2%
(0.8%)Ÿ

61.3%
(9%)Ÿ

56.8%
(-14%)ź

Inaccessibilit\ 34.4%
(-26%)ź

4.3%
(-56%)ź

41.2%
(106%)Ÿ

20.1%
(-16%)ź

38.8%
(-31%)ź

75.6%
(14%)Ÿ

WKeQ YaccLQeV ZeUe VRPeZKaW LQacceVVLbOe, YaccLQaWLRQ cRYeUaJe ZaV QRWLceabO\

UedXced RYeUaOO, ZKLOe YaccLQe cRQfLdeQce LQcUeaVed VOLJKWO\ acURVV WKe SaUaPeWeU VSace.

JX[WaSRVed ZLWK WKe PaQdaWe VceQaULR (FigXre 3.2C-D), RXU YaccLQe VcaUcLW\ PRdeOV SURdXce aQ

RSSRVLWe deYLaWLRQ Rf YaccLQaWLRQ cRYeUaJe fURP YaccLQe cRQfLdeQce OeYeOV: ZKeQ YaccLQeV aUe

PaQdaWed, Ze RbVeUYe LQcUeaVed YaccLQaWLRQ cRYeUaJe LQ ORZ-cRQfLdeQce eQYLURQPeQWV, aQd

ZKeQ YaccLQeV aUe LQacceVVLbOe, Ze RbVeUYe ORZeU WKaQ e[SecWed YaccLQaWLRQ cRYeUaJe (<50%) LQ

a SUedRPLQaQWO\ YaccLQe-cRQfLdeQW eQYLURQPeQW (>90%) (FigXre 3.2).

CRPSXOVRU\ YacciQaWiRQ Pa\ iQcUeaVe YacciQaWiRQ cRYeUage aW Whe e[SeQVe Rf cRQfideQce,
ZhiOe YacciQe iQacceVVibiOiW\ SURPRWeV cRQfideQce

IQ WKe WKUee VceQaULRV e[aPLQed WKXV faU²baVeOLQe (QR PaQdaWe aQd acceVVLbOe YaccLQeV),

a OeQLeQW PaQdaWe, aQd VRPeZKaW LQacceVVLbOe YaccLQeV²PRVW Rf WKe YaULabLOLW\ LQ eTXLOLbULXP

fUeTXeQcLeV acURVV WKe SaUaPeWeU VSace RccXUV aW cRQfLdeQce WUaQVPLVVLRQ OeYeOV beWZeeQ C1 = C2

= 0.4 WR 0.6 (FigXre 3.2). TKLV WKUeVKROd UeJLRQ VeSaUaWeV defLQLWLYeO\ KLJKeU aQd defLQLWLYeO\

ORZeU YaccLQaWLRQ cRYeUaJe aQd YaccLQe cRQfLdeQce RXWcRPeV. TKe effecW Rf acWXaO aQd SeUceLYed

YaccLQe fLWQeVV (ı) LV aOVR PRVW QRWLceabOe LQ WKLV UeJLRQ Rf WKe KeaWPaS: aV cXOWXUaO VeOecWLRQ fRU

YaccLQaWLRQ LQcUeaVeV aW aQ\ fL[ed SURbabLOLW\ Rf cRQfLdeQce WUaQVPLVVLRQ, YaccLQaWLRQ cRYeUaJe

aQd YaccLQe cRQfLdeQce OeYeOV aW eTXLOLbULXP aUe LQcUeaVed. CKaQJeV LQ YaccLQaWLRQ aQd

cRQfLdeQce fUeTXeQcLeV aUe QRW LQdeSeQdeQW Rf eacK RWKeU, aV WKeVe effecWV aUe WKe cRQVeTXeQce Rf
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cKaQJeV LQ SKeQRW\SLc fUeTXeQcLeV. TKeUefRUe, fRU eacK VceQaULR, Ze SORWWed WKe WePSRUaO

d\QaPLcV Rf eacK SKeQRW\Se (VA) aQd WKe YaccLQaWLRQ (V+) aQd cRQfLdeQce (A+) WUaLWV aW baVeOLQe

SaUaPeWeU YaOXeV (FigXre 3.3), WKeQ caOcXOaWed WKe dLffeUeQce LQ fUeTXeQc\ fURP baVeOLQe

eTXLOLbULXP (Table 3.2). WLWK aQ acceVVLbOe YaccLQe WKaW LV QRW PaQdaWed (FigXre 3.3A, Table

3.2), WKe SKeQRW\Se fUeTXeQcLeV Rf WKe V\VWeP eTXLOLbUaWe JeQeUaOO\ ZLWK eLWKeU YaccLQaWed aQd

YaccLQe cRQfLdeQW (V+A+) RU XQYaccLQaWed aQd YaccLQe KeVLWaQW (V±A±) LQdLYLdXaOV PRVW abXQdaQW

(FigXre 3.3A, Table 3.2). TKRXJK WKeVe WZR SKeQRW\SeV UePaLQ WKe PRVW abXQdaQW ZKeQ a

OeQLeQW YaccLQe PaQdaWe LV LPSOePeQWed, WKe eTXLOLbULXP fUeTXeQc\ Rf YaccLQaWed bXW

YaccLQe-KeVLWaQW LQdLYLdXaOV (V+A±) LV JUeaWO\ LQcUeaVed cRPSaUed WR baVeOLQe (FigXre 3.3B,

Table 3.2). IQWeUeVWLQJO\, a PaQdaWe aOVR UeVXOWV LQ a KLJKeU fUeTXeQc\ Rf XQYaccLQaWed aQd

YaccLQe-KeVLWaQW LQdLYLdXaOV (V±A±), ZKLOe UedXcLQJ YaccLQaWed aQd YaccLQe-cRQfLdeQW LQdLYLdXaOV

(V+A+) LQ WKe SRSXOaWLRQ. VaccLQe LQacceVVLbLOLW\, RQ WKe RWKeU KaQd, UeVXOWed LQ aSSUR[LPaWeO\

dRXbOe WKe fUeTXeQc\ Rf XQYaccLQaWed bXW YaccLQe-cRQfLdeQW (V±A+) LQdLYLdXaOV. IQ VXPPaU\,

cRPSaUed WR baVeOLQe RXWcRPeV, LPSOePeQWaWLRQ Rf a PaQdaWe LQcUeaVeV YaccLQaWLRQ cRYeUaJe aW

WKe e[SeQVe Rf cRQfLdeQce b\ dULYLQJ YaccLQaWLRQ LQ KeVLWaQW LQdLYLdXaOV, aQd YaccLQe

LQacceVVLbLOLW\ SURPRWeV cRQfLdeQce deVSLWe ORZ YaccLQaWLRQ cRYeUaJe b\ dULYLQJ cRQfLdeQce LQ

XQYaccLQaWed LQdLYLdXaOV.

VacciQaWiRQ aQd cRQfideQce fUeTXeQcieV aUe PRUe YaUiabOe ZheQ RffVSUiQg beOiefV aUe PRUe
OiNeO\ WR diffeU fURP WheiU SaUeQWV¶ beOiefV

TKe cOeaU dLVMXQcWLRQ beWZeeQ KLJKeU aQd ORZeU YaccLQaWLRQ (V+) aQd YaccLQe cRQfLdeQce

(A+) fUeTXeQcLeV RbVeUYed LQ FigXre 3.2 LV QRW RbVeUYed ZKeQ WKe SURbabLOLW\ Rf cRQfLdeQce

WUaQVPLVVLRQ LV PRdXOaWed fRU aOO cRXSOeV (FigXre 3.4). WKeQ PL[ed-aWWLWXde cRXSOeV WUaQVPLW

cRQfLdeQce WR WKeLU RffVSULQJ aW KLJK (C1 = C2 > 0.5) RU ORZ (C1 = C2 < 0.4) SURbabLOLWLeV, ZKLcK

VNeZV SRSXOaWLRQ aWWLWXde fUeTXeQcLeV WR eLWKeU KLJKO\ cRQfLdeQW RU KLJKO\ KeVLWaQW, WKe

VXbVeTXeQW RffVSULQJ aUe PRUe OLNeO\ WR YaccLQaWe (LQ a cRQfLdeQW SRSXOaWLRQ) RU QRW YaccLQaWe (LQ

a KeVLWaQW SRSXOaWLRQ) (FigXre 3.2). SLPLOaUO\, Lf aOO cRXSOe W\SeV aUe WUaQVPLWWLQJ cRQfLdeQce aW

ORZeU SURbabLOLWLeV RU KLJKeU SURbabLOLWLeV (L.e. C0, C1, C2, aQd C3 aUe aOO ORZeU RU KLJKeU,

UeVSecWLYeO\), YaccLQaWLRQ fUeTXeQcLeV ZLOO eTXLOLbUaWe aW eLWKeU ORZeU OeYeOV RU KLJKeU OeYeOV

(FigXre 3.4A). HRZeYeU, Lf aOO cRXSOeV aUe WUaQVPLWWLQJ cRQfLdeQce aW PLd-UaQJe SURbabLOLWLeV (RU

C1 aQd C2 aUe cORVeU WR 0.5), WKe SRSXOaWLRQ eTXLOLbUaWeV aW PRUe SRO\PRUSKLc fUeTXeQcLeV, WKaW LV,

bRWK fRUPV Rf eacK WUaLW cRe[LVW LQ WKe SRSXOaWLRQ aW PRdeUaWe fUeTXeQcLeV.
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ETXLOLbULXP YaccLQaWLRQ cRYeUaJe LQcUeaVeV aV cXOWXUaO VeOecWLRQ fRU YaccLQaWLRQ LQcUeaVeV

LQ bRWK PaQdaWed YaccLQeV (FigXre 3.4C, E) aQd YaccLQe LQacceVVLbLOLW\ VceQaULRV (FigXre 3.5C,

E); cRQfLdeQce fUeTXeQcLeV UePaLQ PRUe cRQVLVWeQW acURVV WKe UaQJe Rf cXOWXUaO VeOecWLRQ

SUeVVXUeV (FigXre 3.4D, F, FigXre 3.5D, F). WKeQ Ze PRdeO aQ LQcUeaVe LQ YaccLQe PaQdaWe

VWULcWQeVV (LQcUeaVed dLffLcXOW\ LQ RbWaLQLQJ e[ePSWLRQV), YaccLQaWLRQ fUeTXeQcLeV aUe LQcUeaVed

(FigXre 3.4C, E). OQ WKe RWKeU KaQd, JUeaWeU deJUeeV Rf LQacceVVLbLOLW\ Oead WR OaUJeU UedXcWLRQV

LQ YaccLQaWLRQ cRYeUaJe (FigXre 3.5C, E), aQd ORZeU cRYeUaJe RccXUV deVSLWe KLJKeU OeYeOV Rf

YaccLQe cRQfLdeQce
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FigXre 3.4: Increasing mandate strictness and increased cXltXral selection driYe Yaccination

coYerage . HeaWPaSV VKRZLQJ fLQaO YaccLQaWLRQ cRYeUaJe (A, C, E) aQd cRUUeVSRQdLQJ YaccLQe

cRQfLdeQce (B, D, F) afWeU 100 WLPe-VWeSV ZKLOe VLPXOWaQeRXVO\ YaU\LQJ aOO cRQfLdeQce

WUaQVPLVVLRQ SURbabLOLWLeV (Cn; YeUWLcaO a[LV) aQd Pa[LPXP VeOecWLRQ cReffLcLeQW (ıPa[; KRUL]RQWaO

a[LV). We VKRZ aQ acceVVLbOe YaccLQe ZLWK QR PaQdaWe (c0= 0.01, c1= c2 = 0.5, c3 = 0.99) (A, B), a

OeQLeQW PaQdaWe (c0 = 0.3, c1 = c2 = 0.7, c3 = 0.99) (C, D), aQd a VWULcW PaQdaWe (c0 = 0.5, c1 = c2 =

0.9, c3 = 0.99) (E, F). Cn YaOXeV aUe VeW ZLWKLQ WKe UaQJe LQdLcaWed RQ WKe YeUWLcaO a[LV ZLWK C0

WaNLQJ WKe ORZeVW YaOXe, C1 aQd C2 WaNLQJ LQWeUPedLaWe YaOXeV, aQd C3 WaNLQJ WKe KLJKeVW YaOXe

(Table S2.3).
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FigXre 3.5: Vaccine inaccessibilit\ redXces Yaccination coYerage despite high leYels of

Yaccine confidence. HeaWPaSV VKRZLQJ fLQaO YaccLQaWLRQ cRYeUaJe (A, C, E) aQd cRUUeVSRQdLQJ

YaccLQe cRQfLdeQce (B, D, F) afWeU 100 WLPe-VWeSV ZKLOe VLPXOWaQeRXVO\ YaU\LQJ aOO cRQfLdeQce

WUaQVPLVVLRQ SURbabLOLWLeV (Cn; YeUWLcaO a[LV) aQd Pa[LPXP VeOecWLRQ cReffLcLeQW (ıPa[; KRUL]RQWaO

a[LV). Cn YaOXeV aUe VeW ZLWKLQ WKe UaQJe LQdLcaWed RQ WKe YeUWLcaO a[LV ZLWK C0 WaNLQJ WKe ORZeVW

YaOXe, C1 aQd C2 WaNLQJ LQWeUPedLaWe YaOXeV, aQd C3 WaNLQJ WKe KLJKeVW YaOXe (Table S2.3). We

VLPXOaWe aQ acceVVLbOe YaccLQe aQd QR PaQdaWe (c0= 0.01, c1= c2 = 0.5, c3 = 0.99) (A, B), a

VRPeZKaW LQacceVVLbOe YaccLQe (c0 = 0.01 ; c1 = c2 = 0.3 , aQd c3 = 0.7) (C, D) aQd aQ LQacceVVLbOe

YaccLQe (c0 = 0.01, c1 = c2 = 0.1, c3 = 0.5) (E,F).

ChaQgiQg Whe UeOaWiRQVhiS beWZeeQ YacciQaWiRQ cRYeUage aQd cXOWXUaO VeOecWiRQ caQ aOWeU
YacciQaWiRQ behaYiRU ZheQ Whe YacciQe iV acceVVibOe

IQ WKe SUeYLRXV aQaO\VeV, Ze aVVXPed WKaW WKe cXOWXUaO VeOecWLRQ fRU YaccLQaWLRQ ZRXOd

beJLQ WR decUeaVe fURP LWV Pa[LPXP YaOXe aV PePbeUV Rf a SRSXOaWLRQ ZLWK ZLdeVSUead

YaccLQaWLRQ cRYeUaJe (e[ceedLQJ 70% YaccLQaWLRQ cRYeUaJe, Vee FigXre 2.1) PLJKW SeUceLYe a

UedXced cRVW Rf WKe dLVeaVe aQd WKXV a UedXced SUeVVXUe WR YaccLQaWe WKeLU cKLOdUeQ. TR aVVeVV WKe

URbXVWQeVV Rf RXU PRdeO WR dLffeUeQW UeOaWLRQVKLSV beWZeeQ YaccLQaWLRQ cRYeUaJe aQd cXOWXUaO
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VeOecWLRQ SUeVVXUeV, fRU e[aPSOe UeSUeVeQWLQJ YaULaWLRQV LQ KeUd LPPXQLW\ cULWeULa RU LQ SaUeQW

SULRULWLeV, Ze WeVWed WKe VaPe VLPXOaWLRQV ZLWK PXOWLSOe cXOWXUaO VeOecWLRQ fXQcWLRQV. We

e[aPLQed WKe LQWeUacWLRQ beWZeeQ PL[ed-aWWLWXde SaLU cRQfLdeQce WUaQVPLVVLRQ SURbabLOLW\ (C1 =

C2) aQd a UaQJe Rf Pa[LPXP cXOWXUaO VeOecWLRQ cReffLcLeQWV (ıPa[) fRU WKeVe dLffeUeQW cXOWXUaO

VeOecWLRQ fXQcWLRQV (VKRZQ LQ FigXre S3.1A fRU ıPa[ = 0.1). IQ OLQe ZLWK cXOWXUaO VeOecWLRQ acWLQJ

SULPaULO\ RQ WKe YaccLQaWLRQ WUaLW, PRVW Rf WKe dLffeUeQceV aPRQJ WKe cXOWXUaO VeOecWLRQ fXQcWLRQV

aUe RbVeUYed LQ WKe YaccLQaWLRQ eTXLOLbULXP fUeTXeQcLeV aQd QRW WKe cRQfLdeQce eTXLOLbULXP

fUeTXeQcLeV, SaUWLcXOaUO\ ZKeQ QR PaQdaWeV RU OeQLeQW PaQdaWeV aUe LPSRVed (FigXre S3.1B-C).

CRPSaUed WR WKe baVeOLQe fXQcWLRQ XVed LQ FigXres 3.2-3.5 (aOVR VKRZQ LQ FigXre S3.1, colXmn

3), ZKeQ Ze UedXce WKe YaccLQaWLRQ cRYeUaJe OeYeO aW ZKLcK ³KeUd LPPXQLW\´ LV acKLeYed aQd ı

decUeaVeV, YaccLQaWLRQ cRYeUaJe LV UedXced PRVW QRWLceabO\ aW WKe LQWeUVecWLRQ Rf ORZ YaOXeV Rf

ıPa[ aQd KLJK YaOXeV Rf PL[ed-aWWLWXde SaLU cRQfLdeQce WUaQVPLVVLRQ (FigXre S3.1B-C, colXmn

4). WKeQ WKe OeYeO UeTXLUed fRU KeUd LPPXQLW\ LV LQcUeaVed, YaccLQaWLRQ cRYeUaJe LV LQcUeaVed LQ

WKLV ORZ ıPa[ KLJK cRQfLdeQce WUaQVPLVVLRQ aUea Rf WKe KeaWPaS (FigXre S3.1B-C, colXmn 2).

TKe RYeUaOO SaWWeUQV Ze RbVeUYed ZLWK WKe RULJLQaO cXOWXUaO VeOecWLRQ fXQcWLRQ aUe URbXVW WR WKe

SaUWLcXOaU fXQcWLRQ Ze XVed. AW KLJKeU YaOXeV Rf C1=C2 aQd ıPa[ (WRS ULJKW cRUQeU Rf WKe KeaW

PaSV), YaccLQaWLRQ cRYeUaJe ZaV UedXced ZKeQ WKe ı fXQcWLRQ ZaV PRUe QeJaWLYeO\ cRUUeOaWed

ZLWK YaccLQaWLRQ cRYeUaJe (cROXPQV 3 WKURXJK 6 LQ FigXre S3.1). IQ addLWLRQ, Ze RbVeUYed WKaW

WKe OaUJeVW dLffeUeQceV LQ YaccLQe cRYeUaJe beWZeeQ cXOWXUaO VeOecWLRQ (ı) fXQcWLRQV RccXUUed

ZKeQ YaccLQeV ZeUe acceVVLbOe aQd WKeUe ZeUe QR PaQdaWeV (FigXre S3.1B); dLffeUeQceV LQ WKe

cXOWXUaO VeOecWLRQ fXQcWLRQ Kad OeVV Rf aQ effecW RQ YaccLQaWLRQ cRYeUaJe ZKeQ a OeQLeQW PaQdaWe

ZaV LPSRVed (FigXre S3.1C), aQd Kad OLWWOe effecW RQ YaccLQaWLRQ cRYeUaJe ZKeQ YaccLQeV ZeUe

LQacceVVLbOe (FigXre S3.1D). TKe OeaVW YaULaWLRQ LV RbVeUYed ZKeQ YaccLQeV aUe LQacceVVLbOe:

acURVV cRQfLdeQce fUeTXeQcLeV, WKe cXOWXUaO VeOecWLRQ fXQcWLRQ dLd QRW PeaQLQJfXOO\ aOWeU WKe

eTXLOLbULXP YaccLQaWLRQ cRYeUaJe RU YaccLQe cRQfLdeQce (FigXre S3.1D). TKLV UeVXOW LV LQWXLWLYe,

VLQce PRVW dLffeUeQceV beWZeeQ cXOWXUaO VeOecWLRQ fXQcWLRQV RccXU LQ UeJLRQV Rf KLJK YaccLQaWLRQ

cRYeUaJe, aQd WKe VLPXOaWLRQV ZLWK LQacceVVLbOe YaccLQeV dR QRW QRW Oead WR KLJK YaccLQaWLRQ

cRYeUaJe fRU aQ\ SaUaPeWeU cRPbLQaWLRQ.

DiVcXVViRQ

HeUe, Ze bXLOd RQ WKe cXOWXUaO QLcKe cRQVWUXcWLRQ fUaPeZRUN SURSRVed b\ (AQdeUVRQ aQd

CUeaQ]a 2023) WR PRdeO WKe cXOWXUaO VSUead Rf YaccLQe aWWLWXdeV aQd YaccLQaWLRQ beKaYLRU LQ WKe
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SUeVeQce Rf e[WeUQaO fRUceV LPSRVed b\ WZR VceQaULRV: YaccLQe PaQdaWeV aQd YaccLQe

LQacceVVLbLOLW\. MXOWLSOe facWRUV LQfOXeQce aQ LQdLYLdXaO¶V YaccLQe-UeOaWed beOLefV aQd a cRXSOe¶V

decLVLRQ WR YaccLQaWe WKeLU RffVSULQJ, LQcOXdLQJ WKeLU RZQ YaccLQaWLRQ VWaWXV aQd WKeLU SeUceSWLRQ

Rf WKe UeOaWLYe ULVNV Rf WKe dLVeaVe aQd WKe YaccLQe. AV VXcK, LW LV LPSRUWaQW WKaW Ze XQdeUVWaQd

KRZ SXbOLc KeaOWK SROLcLeV, VXcK aV YaccLQe PaQdaWeV aQd baUULeUV WR YaccLQaWLRQ, VXcK aV

JeRJUaSK\ RU affRUdabLOLW\, caQ VKaSe YaccLQaWLRQ cXOWXUeV aQd WKXV affecW SXbOLc KeaOWK. UVLQJ a

cXOWXUaO QLcKe cRQVWUXcWLRQ aSSURacK aOORZV XV WR e[SORUe WKe effecWV Rf WKe LQWeUSOa\ beWZeeQ

e[WeUQaO fRUceV aQd cXOWXUaO facWRUV SURYLdLQJ fXUWKeU LQVLJKW LQWR KRZ YaccLQaWLRQ cXOWXUeV aUe

fRUPed, PaLQWaLQed, aQd eYROYe.

WLWK RXU LQLWLaO PRdeO (AQdeUVRQ aQd CUeaQ]a 2023), Ze VKRZed WKaW ZKeQ SRSXOaWLRQ

WUaLWV aUe aW RU QeaU aQ eTXLOLbULXP, Ze caQ LQfeU WKaW a SRSXOaWLRQ ZLWK KLJK YaccLQaWLRQ cRYeUaJe

ZLOO KaYe ORZ UaWeV Rf YaccLQe KeVLWaQc\ aQd YLce YeUVa. HRZeYeU, ZKeQ WKeUe aUe e[WeUQaO

SUeVVXUeV aV PRdeOed KeUe, VXcK aV LQcUeaVed SUeVVXUe WR YaccLQaWe RU dLffLcXOW\ LQ acTXLULQJ

YaccLQaWLRQ e[ePSWLRQV, aQ XQdeUcXUUeQW Rf YaccLQe KeVLWaQc\ caQ SeUVLVW LQ a UeOaWLYeO\

ZeOO-YaccLQaWed SRSXOaWLRQ, SRWeQWLaOO\ OLPLWLQJ WKe adRSWLRQ Rf QeZO\ LQWURdXced YaccLQeV. TKLV

SRVVLbO\ cRQWULbXWeV WR WKe XQe[SecWed OaJ LQ XSWaNe Rf QeZeU YaccLQeV, VXcK aV WKe COVID RU

HPV YaccLQeV, LQ cRPPXQLWLeV ZLWK RWKeUZLVe KLJK YaccLQaWLRQ UaWeV (GLONe\ eW aO. 2017; HaQVRQ

eW aO. 2018; WRQJ eW aO. 2021). TKe SeUceLYed LQcUeaVe LQ KeVLWaQc\ VXUURXQdLQJ QeZ YaccLQeV

Pa\ acWXaOO\ be e[LVWLQJ YaccLQe KeVLWaQc\ becRPLQJ aSSaUeQW. IQ addLWLRQ, ³feQce VLWWeUV´, WKRVe

ZKR KaYe QRW Pade a fLUP VWaQce UeJaUdLQJ YaccLQeV aQd WKXV cRXOd be PRUe LQfOXeQced b\

WaUJeWed caPSaLJQV (LeaVN 2011), Pa\ deYeORS KLJKeU OeYeOV Rf XQceUWaLQW\ abRXW QeZ YaccLQeV

WKaQ WKeLU SaUeQWV Kad abRXW e[LVWLQJ RQeV.

IQ cRQWUaVW WR WKe effecW Rf YaccLQe PaQdaWeV, b\ PRdeOLQJ YaccLQe LQacceVVLbLOLW\ Ze

LOOXVWUaWe aQRWKeU LPSRUWaQW SaWWeUQ: UedXced YaccLQaWLRQ cRYeUaJe LQ a YaccLQe-cRQfLdeQW cXOWXUe.

IQ a YaccLQe-VcaUce eQYLURQPeQW, aQ LQdLYLdXaO¶V aWWLWXde UeJaUdLQJ YaccLQeV KaV OeVV LQfOXeQce RQ

YaccLQaWLRQ beKaYLRU dXe WR WKe baUULeU LPSRVed b\ UeVRXUce aYaLOabLOLW\. AV a UeVXOW, a SRSXOaWLRQ

Pa\ be XQdeUYaccLQaWed deVSLWe KROdLQJ YaccLQe-affLUPLQJ beOLefV. IQ addLWLRQ, a KeaOWK cXOWXUe

SUeYLRXVO\ VKaSed b\ YaccLQe LQacceVVLbLOLW\ cRXOd SRWeQWLaOO\ LQJUaLQ VSecLfLc beKaYLRUaO

SUacWLceV (fRU e[aPSOe, YLVLWLQJ WKe dRcWRU RQO\ ZKeQ a cKLOd LV VLcN aQd QRW fRU a UeJXOaU YaccLQe

VcKedXOe) WKaW aUe QRW eaVLO\ PRdLfLed eYeQ Lf YaccLQeV becRPe PRUe UeadLO\ aYaLOabOe. TKeVe

YaccLQe VcaUcLW\ VceQaULRV aUe PRVW OLNeO\ WR e[LVW LQ ORZ- aQd PLddOe-LQcRPe cRXQWULeV LQ ZKLcK
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YaccLQe acTXLVLWLRQ, VWRUaJe aQd/RU dLVWULbXWLRQ UeVRXUceV aUe LQVXffLcLeQW (SPLWK, LLSVLWcK, aQd

AOPRQd 2011; MaWKLeX eW aO. 2021; BXUNL 2021) ZKeUeaV WKe RSSRVLWe VceQaULR (ORZ YaccLQe

cRQfLdeQce±KLJK YaccLQaWLRQ cRYeUaJe) afWeU YaccLQe PaQdaWeV LV PRVW cRPPRQ LQ deYeORSed

QaWLRQV (SROtV AUce eW aO. 2021). IQ VXPPaU\, Ze fLQd WKaW YaccLQe PaQdaWeV caQ UeVXOW LQ KLJK

YaccLQaWLRQ cRYeUaJe eYeQ LQ a cXOWXUe Rf KeVLWaQc\, aQd WKaW OacN Rf acceVV WR YaccLQeV caQ

SURdXce WKe LQYeUVe: ORZ YaccLQaWLRQ cRYeUaJe LQ a cXOWXUe Rf cRQfLdeQce.

IW LV dLffLcXOW, aV ZLWK aQ\ V\VWeP, WR fXOO\ caSWXUe WKe cRPSOe[ UeaOLW\ Rf YaccLQe

KeVLWaQc\ aQd YaccLQaWLRQ beKaYLRU ZLWK a PaWKePaWLcaO PRdeO. CaYeaWV Rf WKLV PRdeO LQcOXde

WKe OacN Rf ePSLULcaO daWa WR LQfRUP KRZ Ze PRdeO WKe LQfOXeQce Rf YaccLQe cRQfLdeQce RQ

YaccLQaWLRQ beKaYLRUV LQ WKe face Rf PaQdaWeV RU YaccLQe LQacceVVLbLOLW\. IQ addLWLRQ, RXU PRdeO

VLPSOLfLeV WKe SURceVV Rf KXPaQ SRSXOaWLRQ WXUQRYeU ZLWK dLVcUeWe JeQeUaWLRQV; LQ UeaOLW\, Rf

cRXUVe, SRSXOaWLRQ WXUQRYeU LV aV\QcKURQRXV aQd PXOWLSOe JeQeUaWLRQV caQ KaYe cXOWXUaO

LQWeUacWLRQV ZLWK RQe aQRWKeU (AQdeUVRQ aQd CUeaQ]a 2023). HRZeYeU, WKLV VLPSOe PRdeO LV abOe

WR dePRQVWUaWe LQWeUeVWLQJ VceQaULRV WKaW cRQfLUP WKe LPSRUWaQce Rf XQdeUVWaQdLQJ WKe cXOWXUe Rf

WKe cRPPXQLWLeV LQ ZKLcK SXbOLc KeaOWK SROLcLeV acW, aQd KRZ WKe cXOWXUaO OaQdVcaSe PLJKW affecW

VSecLfLc RXWcRPeV. A cRPPXQLW\ LV PRVW SURWecWed fURP VPD RXWbUeaNV Lf WZR cRQdLWLRQV aUe

PeW: YaccLQaWLRQ cRYeUaJe acKLeYeV RU e[ceedV KeUd LPPXQLW\ OeYeOV, aQd fXWXUe YaccLQaWLRQV aUe

QRW WKUeaWeQed b\ XQdeUO\LQJ YaccLQe KeVLWaQc\. TKe effecWV WKaW Ze RbVeUYe aV a UeVXOW Rf YaU\LQJ

WKe cXOWXUaO VeOecWLRQ fXQcWLRQ VXJJeVW WKaW aQ ³XQZaYeULQJ´ (SRVLWLYe) SeUceSWLRQ Rf YaccLQaWLRQ

LV beWWeU fRU PaLQWaLQLQJ KLJKeU OeYeOV Rf YaccLQaWLRQ cRYeUaJe, WKaQ RQe WKaW YaULeV ZLWK

YaccLQaWLRQ cRYeUaJe. TKLV KLJKOLJKWV a VLJQLfLcaQW LVVXe LQ LQcUeaVLQJ YaccLQaWLRQ LQ WKe abVeQce

Rf (VeYeUe) dLVeaVe aV SeUceSWLRQV aUe VKaSed b\ e[SeULeQce Rf bRWK WKe dLVeaVe aQd PeaVXUeV

XVed WR addUeVV WKe dLVeaVe. SLQce LQcUeaVLQJ YaccLQaWLRQ cRYeUaJe PLJKW UeTXLUe dLffeUeQW

VWUaWeJLeV WKaQ LQcUeaVLQJ cRQfLdeQce, Ze eQcRXUaJe SXbOLc KeaOWK SROLc\PaNeUV WR cRQVLdeU bRWK

beOLefV aQd beKaYLRUV SaWWeUQV LQ WKeLU RXWUeacK effRUWV aQd LQfRUPaWLRQ caPSaLJQV.

TKe UeVXOWV Rf RXU VLPXOaWLRQV aUe cRQJUXeQW WR WKRVe RbVeUYed LQ RWKeU beKaYLRU cKaQJe

PRdeO VWXdLeV (VeUeOVW, WLOOeP, aQd BeXWeOV 2016). FRU e[aPSOe, ESVWeLQ et al. (ESVWeLQ, HaWQa,

aQd CURdeOOe 2021) dePRQVWUaWed XVLQJ a ³WULSOe cRQWaJLRQ´ PRdeO, LQ ZKLcK a dLVeaVe, feaU Rf a

dLVeaVe, aQd feaU Rf a YaccLQe caQ eacK be WUaQVPLWWed beWZeeQ LQdLYLdXaOV, WKaW KLJK YaccLQaWLRQ

cRYeUaJe Pa\ be acKLeYed ZKeQ feaU Rf a YaccLQe LV ORZ aQd feaU Rf WKe dLVeaVe LV KLJK. TKRXJK

RXU PRdeO XVeV dLffeUeQW PeWKRdV Rf WUaQVPLVVLRQ, Ze aUULYe aW VLPLOaU cRQcOXVLRQV; fRU e[aPSOe,
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RXU PRdeO SUedLcWV KLJKeU YaccLQaWLRQ cRYeUaJe ZKeQ WKe cXOWXUaO VeOecWLRQ cReffLcLeQW LV KLJK,

VXJJeVWLQJ a KLJKeU SeUceLYed YaOXe Rf YaccLQaWLRQ (aQd WKXV ORZeU feaU Rf WKe YaccLQe).

SLPLOaUO\, faVWeU VSUead Rf YaccLQe feaU LQ WKe ESVWeLQ et al. VWXd\ cRXOd be LQWeUSUeWed VLPLOaUO\ WR

KLJKeU SURbabLOLWLeV Rf WUaQVPLWWLQJ YaccLQe KeVLWaQc\ (ORZeU C1 = C2 YaOXeV) LQ RXU PRdeO, aQd

Ze aOVR RbVeUYe UedXced YaccLQaWLRQ cRYeUaJe LQ WKeVe VceQaULRV.

IQ addLWLRQ, aQ e[SeULPeQWaO VWXd\ Rf WKe effecWV Rf COVID-19 YaccLQe VcaUcLW\ (PeUeLUa

eW aO. 2022) fRXQd WKaW YaccLQe VcaUcLW\ cRXOd decUeaVe WKe ZLOOLQJQeVV WR YaccLQaWe, bXW LW dLd QRW,

KRZeYeU, affecW WKe SeUceSWLRQ Rf ULVN RU SURWecWLRQ aVVRcLaWed ZLWK WKe YaccLQe. TKRXJK WKe

SeUceLYed ULVN LQ RXU PRdeO LV PRdXOaWed accRUdLQJ WR YaccLQaWLRQ fUeTXeQc\ (WKaW LV, LQ RXU

PRdeO, SeUceSWLRQV aUe PRdXOaWed b\ YaccLQaWLRQ cRYeUaJe), RXU VLPXOaWLRQV UeYeaO aQ LQWXLWLYeO\

VLPLOaU SaWWeUQ: YaccLQaWLRQ LV UedXced RYeUaOO ZKeQ YaccLQeV aUe VcaUce. HRZeYeU, ZKLOe

SeUceSWLRQ Pa\ be PRdXOaWed LQ RXU PRdeO, Ze dR RbVeUYe aQ LQcUeaVe LQ YaccLQe cRQfLdeQce

XQdeU cRQdLWLRQV WKaW UeVXOW LQ ORZ YaccLQaWLRQ cRYeUaJe. TKLV LV LQ OLQe ZLWK WKe fLQdLQJV Rf

(PeUeLUa eW aO. 2022) aV YaccLQe-cRQfLdeQW LQdLYLdXaOV Pa\ cKRRVe WR fRUJR YaccLQaWLRQV fRU WKe

beQefLW Rf RWKeUV Lf UeVRXUceV aUe OLPLWed, ZKLOe VWLOO PaLQWaLQLQJ (aQd WUaQVPLWWLQJ) WKeLU YaccLQe

beOLefV. TKe PeUeLUa et al. VWXd\, KRZeYeU, fRcXVed RQ adXOW YaccLQaWLRQ ZLWK WKe COVID-19

YaccLQe, a QRYeO YaccLQe WKaW LV QRW SaUW Rf WKe WUadLWLRQaO cKLOd YaccLQaWLRQ VcKedXOe RQ ZKLcK

RXU PRdeO ZaV baVed. TKe dLffeUeQceV beWZeeQ WKe YaccLQe WaUJeW SRSXOaWLRQV (e.J. cKLOd YV.

adXOW) aQd WKe LQWeUacWLQJ LQdLYLdXaO YaOXeV (e.J. cRPSaVVLRQ fRU KLJKeU-ULVN LQdLYLdXaOV LQ

fRUeJRLQJ RQe¶V RZQ YaccLQaWLRQV ZKeQ YaccLQeV aUe VcaUce) Pa\ SURdXce dLffeULQJ d\QaPLcV

UeTXLULQJ dLffeUeQW SXbOLc KeaOWK aSSURacKeV.

IQ VXP, RXU PRdeO VKRZV, LQ bRWK PaQdaWe aQd LQacceVVLbLOLW\ VceQaULRV, WKaW WKe

SURbabLOLW\ Rf WUaQVPLWWLQJ YaccLQe-SRVLWLYe aWWLWXdeV LV a VWURQJ SUedLcWRU Rf ZKeWKeU fXWXUe

YaccLQaWLRQ cRYeUaJe LV KLJK RU ORZ (FigXres 3.2, 3.4-3.5). We aOVR dePRQVWUaWe WKaW YaccLQe

effLcac\ aQd SeUceLYed YaOXe aUe LPSRUWaQW WR PaLQWaLQLQJ VXffLcLeQW OeYeOV Rf YaccLQaWLRQ

cRYeUaJe, eVSecLaOO\ Lf YaccLQe cRQfLdeQce LV QRW beLQJ URbXVWO\ WUaQVPLWWed (RU PaLQWaLQed LQ

adXOWKRRd), UeJaUdOeVV Rf YaccLQaWLRQ VceQaULR (FigXres 3.2, 3.4-3.5). TKXV, RXU PRdeO

dePRQVWUaWeV WKe LPSRUWaQce Rf cOeaU aQd accXUaWe cRPPXQLcaWLRQ abRXW YaccLQeV eYeQ ZKeQ

YaccLQaWLRQ LV cRPSXOVRU\ aQd UeVXOWLQJ cRYeUaJe LV KLJK, WR UedXce WKe VSUead Rf LQaccXUaWe

LQfRUPaWLRQ WKaW caQ fRVWeU YaccLQe KeVLWaQc\ aQd KLQdeU WKe XSWaNe Rf fXWXUe YaccLQeV. TaNeQ

WRJeWKeU, RXU PRdeO VXJJeVWV WKaW cRPbaWWLQJ ORZ RU decOLQLQJ YaccLQe XSWaNe ZRXOd WaNe a
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VRSKLVWLcaWed aSSURacK WKaW WaUJeWV WKe SK\VLcaO YaccLQaWLRQ beKaYLRU (aYaLOabLOLW\ aQd PaQdaWeV)

ZKLOe VLPXOWaQeRXVO\ addUeVVLQJ a SRSXOaWLRQ¶V cRQVWaQWO\ eYROYLQJ YaccLQe SeUceSWLRQV.
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CHAPTER 4.

EXPLORING THE EFFECTS OF CULTURAL TRANSMISSION AND DECISION-MAKING

BIASES ON THE ACCEPTANCE OF NOVEL VACCINES

IQWURdXcWiRQ

VaccLQe KeVLWaQc\ aQd aQWL-YaccLQe VeQWLPeQWV KaYe e[LVWed VLQce EdZaUd JeQQeU cUeaWed

WKe VPaOOSR[ YaccLQe LQ 1796 (ScKZaUW] 2012), deVSLWe YaccLQaWLRQ beLQJ VafeU WKaQ LWV

SUedeceVVRU, YaULROaWLRQ (LaQJeU 1976b; RLedeO 2005). HRZeYeU, WRda\, YaccLQaWLRQ UePaLQV aQ

eVWabOLVKed SaUW Rf WKe URXWLQe VWaQdaUd Rf caUe LQ cKLOdKRRd KeaOWK SUacWLceV, ZLWK cKLOdKRRd

YaccLQaWLRQ fUeTXeQcLeV e[ceedLQJ 90% LQ PRVW Rf WKe deYeORSed ZRUOd (LXPaQ eW aO. 2005;

VeQWROa 2016). AV YaccLQeV cRQWLQXe WR be deYeORSed aQd LPSURYed, WKe adRSWLRQ Rf YaccLQeV fRU

QeZ dLVeaVeV, QeZ YaccLQeV fRU e[LVWLQJ dLVeaVeV, RU eYeQ QeZ PeWKRdV Rf deOLYeU\ cRXOd be

faced ZLWK SXbOLc UeOXcWaQce. FRU e[aPSOe, LQ cRQWUaVW WR RWKeU YaccLQe-SUeYeQWabOe dLVeaVeV LQ

WKe deYeORSed ZRUOd, WKe COVID-19 SaQdePLc UeceQWO\ affecWed WKe daLO\ OLYeV Rf SeRSOe aURXQd

WKe JORbe. YeW, deVSLWe WKe QRYeOW\ Rf WKe dLVeaVe, ZLdeVSUead feaU aQd cRQceUQ Rf cRQWUacWLQJ WKe

dLVeaVe, aQd SXbOLc KeaOWK effRUWV WR SURPRWe WKe YaccLQe, COVID-19 YaccLQaWLRQ cRYeUaJe KaV

faOOeQ VKRUW Rf e[SecWed JRaOV (SaOOaP 2021; CpQaW eW aO. 2023; CXUWLV eW aO. 2022). SLQce WKe

cKRLce WR YaccLQaWe LV LQfOXeQced b\ bRWK e[WeUQaO aQd LQWeUQaO SUeVVXUeV, WKeVe facWRUV aOVR affecW

WKe UaWe Rf XSWaNe, aQd WKXV WKe WLPe LW WaNeV fRU a QRYeO YaccLQaWLRQ SUacWLce WR be eVWabOLVKed aV

SaUW Rf a KeaOWK URXWLQe.

UQdeUVWaQdLQJ aQd ZRUNLQJ ZLWKLQ a cXOWXUaO cRQWe[W aQd XQdeUVWaQdLQJ KRZ SeRSOe

PaNe decLVLRQV LV LPSRUWaQW WR LPSURYLQJ aQd PaLQWaLQLQJ SXbOLc KeaOWK. HeaOWK decLVLRQV aUe

VKaSed b\ a QXPbeU Rf SeUVRQaO aQd VRcLaO facWRUV, VXcK aV SaVW e[SeULeQceV, cXUUeQW SULRULWLeV,

PedLa LQfOXeQceV, aQd beOLefV abRXW WKe dLVeaVe (BXU\ 1997; COaUN aQd WeaOe 2012). TKeVe

facWRUV Pa\ Oead LQdLYLdXaOV WR XQdeU- RU RYeUeVWLPaWe WKeLU eSLdePLRORJLcaO ULVN (VRLQVRQ,

BLOOLaUd, aQd AOYeUJQe 2015). DecLVLRQ-PaNLQJ caQ be aQ ³LWeUaWLYe´ SURceVV ± LQ ZKLcK SULRULWLeV

aUe UeYLVed LQ OLJKW Rf QeZ LQfRUPaWLRQ, WR cRUUecW eUURUV RU WR adaSW WR a cKaQJLQJ eQYLURQPeQW

(SKaURW eW aO. 2023; COaUN aQd WeaOe 2012). IQ WKe VaPe YeLQ, LQdLYLdXaOV PLJKW UeaVVeVV, fRU

e[aPSOe, WKeLU KeaOWK beOLefV aQd SeUVRQaO YaOXeV dXULQJ KeaOWK cULVeV RU, OeVV XUJeQWO\, WKe

LQWURdXcWLRQ Rf a QeZ fRUP Rf a URXWLQe KeaOWK SUacWLce. TKXV, SULRULWLeV aQd decLVLRQ-PaNLQJ
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d\QaPLcV cRXOd YaU\ RYeU WKe cRXUVe Rf a OLfeWLPe, RU fURP da\ WR da\. FRU LQVWaQce, dXULQJ WKe

LQLWLaO YaccLQe LQWURdXcWLRQ VWaJe Rf WKe COVID-19 SaQdePLc, SeRSOe ZeUe PRUe OLNeO\ WR e[SUeVV

aQ LQWeQWLRQ WR YaccLQaWe Lf WKe\ VXUPLVed WKaW PRUe Rf WKeLU VRcLaO cLUcOe VXSSRUWed WKe YaccLQe

(RR\ eW aO. 2022). TKLV WUeQd LV cRQVLVWeQW ZLWK VWXdLeV Rf HPV aQd LQfOXeQ]a YaccLQeV: NQRZLQJ

RQe¶V VRcLaO cRQWacWV Kad beeQ YaccLQaWed LQfOXeQced aQ LQdLYLdXaO¶V decLVLRQ WR YaccLQaWe

WKePVeOYeV (AOOeQ eW aO. 2009; BUXLQe de BUXLQ eW aO. 2019). IQ cRQWUaVW, "eVWabOLVKed" YaccLQeV

aUe RfWeQ acceSWed aV URXWLQe, aQd SaUeQWV ZKR decOLQe cKLOdKRRd YaccLQeV VXcK aV MMR PRVW

cRPPRQO\ cLWe cRQceUQV abRXW WKe VLde effecWV Rf WKe YaccLQe aQd a ORZeU SeUceLYed YaccLQe

effecWLYeQeVV aQd LPSRUWaQce (K. F. BURZQ eW aO. 2010). TKXV, WKe SURceVV Rf PaNLQJ decLVLRQV

abRXW a QRYeO YaccLQe dLffeUV fURP WKaW Rf aQ eVWabOLVKed YaccLQe²WKeUe LV OLPLWed LQfRUPaWLRQ, a

OacN Rf e[SeULeQce, aQd SeUKaSV QeZ cRQVLdeUaWLRQV RQ ZKLcK LQdLYLdXaOV baVe WKeLU YaccLQaWLRQ

decLVLRQ.

IW KaV becRPe LQcUeaVLQJO\ cRPPRQ WR LQcRUSRUaWe aVSecWV Rf KXPaQ beKaYLRU aQd WKe

VRcLaO eQYLURQPeQW, VXcK aV feaU, LQfRUPaWLRQ VSUead, aQd VRcLaO QeWZRUNV, LQWR TXaQWLWaWLYe

PRdeOV Rf LQfecWLRXV dLVeaVe d\QaPLcV (e.J (PeUUa eW aO. 2011; MaR aQd YaQJ 2012b; BaXcK 2005;

CKaXKaQ, MLVUa, aQd DKaU 2014; FXQN, SaOaWKp, aQd JaQVeQ 2010; TaQaNa, KXPP, aQd FeOdPaQ

2002; ESVWeLQ eW aO. 2008b; ESVWeLQ, HaWQa, aQd CURdeOOe 2021)). SLQce cXOWXUaOO\ VSecLfLc

beKaYLRUV KaYe beeQ OLQNed WR WKe VSUead aQd eQdePLVP Rf dLVeaVe (AOSeUV 2008; RaRXOW eW aO.

2013; YRdeU aQd DZRUNLQ 2006; GaVWaxadX\ eW aO. 2016; WROff aQd MadORQ-Ka\ 2014; BaKWa

aQd AVKNLU 2015), PRdeOV Rf cXOWXUaO eYROXWLRQ KaYe aOVR beeQ ePSOR\ed WR XQdeUVWaQd KRZ

cXOWXUaO fRUceV VXcK aV KRPRSKLO\ aQd VRcLaO OeaUQLQJ LQWeUacW ZLWK WKe dLVeaVe eSLdePLRORJLcaO

OaQdVcaSe WR VKaSe KeaOWK cXOWXUeV (AQdeUVRQ aQd CUeaQ]a 2023, 2022; VeUeOVW, WLOOeP, aQd

BeXWeOV 2016).

AQ LQaccXUaWe \eW SUeYaOeQW aVVXPSWLRQ Rf beKaYLRU adRSWLRQ aQd VRcLaO OeaUQLQJ PRdeOV

LV WKaW WKe UaWe Rf VXVceSWLbLOLW\ WR WKe adRSWLRQ Rf a beKaYLRU LV SURSRUWLRQaO WR WKe SUeYaOeQce Rf

WKe beKaYLRU LQ WKe SRSXOaWLRQ (WaOWeUV aQd KeQdaO 2013). MRdeOV LQcRUSRUaWLQJ decLVLRQ PaNLQJ

W\SLcaOO\ aVVXPe aJeQWV aUe UaWLRQaO aQd WKXV PaNe decLVLRQV WKaW Pa[LPL]e WKeLU Sa\RffV (NdeffR

MbaK eW aO. 2012; BaXcK 2005; VRLQVRQ, BLOOLaUd, aQd AOYeUJQe 2015). DLVeaVe WUaQVPLVVLRQ

PRdeOV WeQd WR aOVR LQcRUSRUaWe WKe aVVXPSWLRQ WKaW LQdLYLdXaOV PaNe aQ RbMecWLYe eYaOXaWLRQ Rf

eSLdePLRORJ\ aQd VWaWLVWLcaO SURbabLOLW\ (VRLQVRQ, BLOOLaUd, aQd AOYeUJQe 2015). HRZeYeU,

SeRSOe aOVR PaNe YaccLQaWLRQ decLVLRQV baVed RQ QRQ-eSLdePLRORJLcaO facWRUV, VXcK aV adYLce
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fURP RWKeUV aQd WKeLU RZQ UeVeaUcK (BUXQVRQ 2013b, [a] 2013). IQ addLWLRQ, KXPaQV¶

decLVLRQ-PaNLQJ VNLOOV aUe RfWeQ LQeffLcLeQW aW deaOLQJ ZLWK XQceUWaLQW\ aQd cRPSXWLQJ SURbabLOLW\

ZKeQ cRQVLdeULQJ eSLdePLRORJLcaO facWRUV (VRLQVRQ, BLOOLaUd, aQd AOYeUJQe 2015; GLJeUeQ]eU aQd

SeOWeQ 2002). TR addUeVV WKLV LVVXe, UeVeaUcKeUV KaYe e[SORUed WKe effecWV Rf KeXULVWLcV²VKRUWcXWV

KXPaQV XVe WR PaNe decLVLRQV (TRdd aQd GLJeUeQ]eU 2012). DecLVLRQ-PaNLQJ bLaVeV, VRPeWLPeV

NQRZQ aV cRJQLWLYe bLaVeV, aUe RQe W\Se Rf KeXULVWLc WKaW KXPaQV RfWeQ XVe; LQ WKe cRQWe[W Rf

KeaOWK beKaYLRUV, UeVeaUcKeUV KaYe LQYeVWLJaWed cRQfRUPLW\ bLaV, ZKeQ LQdLYLdXaOV aUe

dLVSURSRUWLRQaWeO\ OLNeO\ WR adRSW WKe PRVW cRPPRQ beOLef RU beKaYLRU, aQd cRQWeQW bLaV, ZKeQ

LQdLYLdXaOV aUe PRUe OLNeO\ WR adRSW WUaLWV ZLWK SaUWLcXOaU cKaUacWeULVWLcV (WaOWeUV aQd KeQdaO

2013; TKRPa eW aO. 2021). TKLV UeVeaUcK KaV VKRZQ WKaW WKe VWUeQJWK Rf cRQfRUPLVW WeQdeQcLeV LV

OLQNed WR KRZ OLNeO\ a beKaYLRU LV WR becRPe eVWabOLVKed LQ a SRSXOaWLRQ. HRZeYeU,

aQWL-cRQfRUPLVP, WKe WeQdeQc\ WR adRSW WKe PLQRULW\ WUaLW LQ a SRSXOaWLRQ, KaV aOVR beeQ WKeRUL]ed

WR e[SOaLQ ZLWKLQ-JURXS VLPLOaULW\ aPRQJ KXPaQ cXOWXUaO JURXSV aQd JXaUd aJaLQVW SRSXOaWLRQ

cROOaSVe LQ SeULRdV Rf KLJK eQYLURQPeQWaO YaULaWLRQ (BR\d aQd RLcKeUVRQ 1988; EULNVVRQ aQd

CRXOWaV 2009; DeQWRQ eW aO. 2020; GURYe 2019; LaWaQp aQd WROf 1981).

DecLVLRQ-PaNLQJ bLaVeV dR QRW RSeUaWe LQdeSeQdeQWO\, aV WKe\ LQWeUacW ZLWK VXUURXQdLQJ

VRcLaO facWRUV VXcK aV WKe beKaYLRUV aQd beOLefV Rf RQe¶V dLUecW cRQWacWV aQd RWKeU UeOaWLRQVKLSV

ZKLcK LQfOXeQce decLVLRQV. DecLVLRQ-PaNLQJ bLaVeV aUe aOVR dLYeUVe aQd ePSOR\ed dLffeUeQWLaOO\

aPRQJ LQdLYLdXaOV (BOXPeQWKaO-BaUb\ aQd KULeJeU 2015; EffeUVRQ eW aO. 2008; MRUJaQ eW aO.

2012). AV VXcK, KRPRSKLO\ SOa\V a Ne\ UROe LQ dULYLQJ RU KLQdeULQJ WKe effecWV Rf cRJQLWLYe

bLaVeV. HRPRSKLO\, WKe SURSeQVLW\ fRU LQdLYLdXaOV WR cKRRVe VRcLaO cRQWacWV aQd PaWeV ZKR aUe

VLPLOaU WR WKePVeOYeV (BXUOe\ 1983; CUeaQ]a aQd FeOdPaQ 2014; CUeaQ]a, FRJaUW\, aQd FeOdPaQ

2012; GLPeOfaUb 1988), caQ VKaSe RQe¶V VRcLaO cLUcOe aQd Pa\ aOVR LQfOXeQce WKe Za\V LQ ZKLcK

aQ LQdLYLdXaO LQWeUacWV ZLWK WKeVe cRQWacWV. AQ aVVRcLaWLRQ beWZeeQ decLVLRQ-PaNLQJ bLaVeV aQd

KRPRSKLO\ Pa\ SUeVeQW LWVeOf VLPSO\ aV VXcK: cRQVLdeU VRPeRQe ZKR VXUURXQdV WKePVeOf ZLWK

VLPLOaU SeRSOe, RU SUefeUeQWLaOO\ VeeNV RXW LQfRUPaWLRQ fURP VSecLfLc VRXUceV. If WKLV SeUVRQ KROdV

cRQfRUPLW\ bLaV, WKe\ PLJKW be LQcOLQed WR adRSW WKe beOLefV Rf WKRVe LQ WKe cLUcOe WKe\

PaQXfacWXUed. HRZeYeU, Lf WKLV SeUVRQ LV aQWL-cRQfRUPLVW, WKe\ PLJKW be OeVV LQcOLQed WR adRSW WKe

VaPe beOLefV aV WKRVe LQ WKeLU LPPedLaWe VXUURXQdLQJV.

AV dLVcXVVed, a QXPbeU Rf facWRUV, LQcOXdLQJ WKe LWeUaWLYe SURceVV Rf SULRULW\ VeWWLQJ aQd

dLffeUeQceV LQ decLVLRQ-PaNLQJ bLaVeV, cRXOd SaUWLaOO\ e[SOaLQ fOXcWXaWLQJ UaWeV Rf eVWabOLVKed
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YaccLQe XSWaNe aQd VWRcKaVWLc UaWeV Rf QRYeO YaccLQaWLRQ (A]aUSaQaK eW aO. 2021; LX],

NadaQRYVN\, aQd LeaVN 2020; WaOWeUV aQd KeQdaO 2013; VRLQVRQ, BLOOLaUd, aQd AOYeUJQe 2015).

TaNLQJ QRWe Rf aQd e[SaQdLQJ RQ WKe cRQVLdeUaWLRQV SUeVeQWed LQ SUeYLRXV UeVeaUcK (WaOWeUV aQd

KeQdaO 2013; VRLQVRQ, BLOOLaUd, aQd AOYeUJQe 2015)(VRLQVRQ, BLOOLaUd, aQd AOYeUJQe 2015), Ze

SURSRVe a PRdeO WKaW caSWXUeV WKe UaSLd d\QaPLcV Rf YaccLQe beOLefV aQd beKaYLRUV ZKeQ a QRYeO

YaccLQe LV deSOR\ed, LQcRUSRUaWLQJ VWRcKaVWLcLW\ aQd YaULaWLRQV LQ decLVLRQ-PaNLQJ SaWWeUQV. We

cRQVLdeU WKe effecWV Rf WKe dLVWULbXWLRQ Rf WKUee fRUPV Rf decLVLRQ-PaNLQJ bLaVeV LQ WKe SRSXOaWLRQ

(VXcK WKaW cXOWXUaO WUaLWV caQ be WUaQVPLWWed LQ cRQfRUPLW\ bLaVed, aQWL-cRQfRUPLW\ bLaVed, aQd

XQbLaVed Za\V). We aOVR LQcRUSRUaWe WKe effecWV Rf dLVWaO RSLQLRQ OeadeUV (WKRXJKW LQfOXeQceUV

ZKR caQ WUaQVPLW cXOWXUaO LQfRUPaWLRQ ZLWKRXW dLUecW cRQWacW ZLWK aQ LQdLYLdXaO) aQd KRPRSKLOLc

LQWeUacWLRQV ZLWK VRcLaO cRQWacWV. We VKRZ WKaW WKe VSUead Rf YaccLQe cRQfLdeQce aQd WKe adRSWLRQ

Rf a QRYeO YaccLQe LV dLffeUeQWLaOO\ LPSacWed b\ WKe dLVWULbXWLRQ Rf bLaVeV LQ a SRSXOaWLRQ.

MeWhRdV

IQ WKLV aJeQW-baVed PRdeO, Ze VLPXOaWe a SRSXOaWLRQ Rf iîj LQdLYLdXaOV, aUUaQJed RQ a

WZR-dLPeQVLRQaO PaWUL[ VXcK WKaW WKe eOePeQW Mi,j Rf a PaWUL[ LV aVVRcLaWed ZLWK LQdLYLdXaO (i, j)

We cRQVWUXcW fRXU iîj PaWULceV, ZLWK eacK PaWUL[ KROdLQJ RQe Rf fRXU TXaOLWLeV aWWULbXWed WR eacK

LQdLYLdXaO (i, j): a YaccLQaWLRQ VWaWe (YaccLQaWed (V+) RU XQYaccLQaWed (V±)), aQ aWWLWXde VWaWe

(YaccLQe cRQfLdeQW (A+) RU YaccLQe KeVLWaQW (A±)), a dLVeaVe VWaWe (XQLQfecWed/VXVceSWLbOe (D0),

LQfecWed (D+), RU UecRYeUed (D±) ), aQd ³bLaV´ VWaWe (aQWL-cRQfRUPLW\ bLaVed (B±), XQbLaVed (B0),

cRQfRUPLW\ bLaVed (B+)). AW WKe VWaUW Rf eacK VLPXOaWLRQ, aOO LQdLYLdXaOV (i, j) LQ WKe SRSXOaWLRQ aUe

XQYaccLQaWed (V±), aQd RWKeU SaUaPeWeUV aUe aVVLJQed accRUdLQJ WR SUe-VSecLfLed SURbabLOLWLeV

(Table 4.1). AW LQLWLaOL]aWLRQ, Ze VSecLf\ WKe aWWLWXde WKUeVKROd, L.e. WKe SeUceQW Rf WKe LQLWLaO

SRSXOaWLRQ WR be YaccLQe cRQfLdeQW (A+), aQd WKe dLVeaVe WKUeVKROd, WKe SeUceQW Rf WKe LQLWLaO

SRSXOaWLRQ WKaW LV LQfecWed (D+), WKeQ WKe aWWLWXde VWaWe aQd dLVeaVe VWaWe Rf eacK LQdLYLdXaO LQ WKe

PaWUL[ LV aVVLJQed UaQdRPO\ accRUdLQJ WR WKeVe VSecLfLed SURbabLOLWLeV. EacK LQdLYLdXaO (i, j) LV

aOVR aVVLJQed RQe Rf WKe WKUee decLVLRQ-PaNLQJ bLaVeV accRUdLQJ WR SUe-VSecLfLed SURbabLOLWLeV

(Table 4.1).

TKeUe aUe WZR LQfOXeQceUV LQ WKLV PRdeO: a YaccLQe-cRQfLdeQW LQfOXeQceU aQd a

YaccLQe-KeVLWaQW LQfOXeQceU. IQfOXeQceU cRQdLWLRQV (WKe aWWLWXde Rf WKe LQfOXeQceU, aQd WKeLU

³UeacK,´ WKe SeUceQW Rf SRSXOaWLRQ LQ eacK WLPeVWeS WKaW KaV WKe cKaQce WR adRSW WKe LQfOXeQceU¶V

beOLefV) aQd KRPRSKLO\ SUeVeQce (ZKeWKeU LQdLYLdXaOV cKaQJe ORcaWLRQ LQ WKe PaWUL[ aW UaQdRP RU
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baVed RQ WKeLU YaccLQe aWWLWXde) aUe aOVR LQLWLaOL]ed aW WKe VWaUW Rf WKe VLPXOaWLRQ WR WKe YaOXeV LQ

Table 4.1. TKe UeVXOWV SUeVeQWed KeUeLQ aUe WKRVe Rf a SRSXOaWLRQ Rf 400, UXQ fRU 100 WLPeVWeSV.

Table 4.1: Parameters and initial conditions, Zith citations Zhen YalXes Zere informed b\

the literatXre

Parameter Initial YalXe
VaccLQaWLRQ VWaWe (V+ YaccLQaWed, Ví XQYaccLQaWed) SWaWeV cKaQJe ZLWKLQ VLPXOaWLRQ
AWWLWXde VWaWe (A+ YaccLQe cRQfLdeQW, A± YaccLQe KeVLWaQW) SWaWeV cKaQJe ZLWKLQ VLPXOaWLRQ
SWaUWLQJ cRQfLdeQW SRSXOaWLRQ (cRQfLdeQce WKUeVKROd) 0.8
DLVeaVe VWaWe (SXVceSWLbOe (D0), IQfecWed (D+), RecRYeUed
(D±))

SWaWeV cKaQJe ZLWKLQ VLPXOaWLRQ

IQLWLaOO\ LQfecWed (dLVeaVe WKUeVKROd) 0.2
BLaV: (NRYeOW\ (B±), UQbLaVed (B0), CRQfRUPLVW (B+) IQLWLaOL]ed ZLWK YaULRXV cRPbLQaWLRQV
PURbabLOLW\ Rf LQfecWLRQ (QRW SUeYLRXVO\ LQfecWed RU
YaccLQaWed; P(I)) (AOLPRKaPadL, TaJKdLU, aQd SeSaQdL
2020; WRUOd HeaOWK OUJaQL]aWLRQ 2021)

0.3

PURbabLOLW\ Rf LQfecWLRQ Lf YaccLQaWed (P(I_V+)) (LLSVLWcK
eW aO. 2022)

0.1

PURbabLOLW\ Rf LQfecWLRQ Lf SUeYLRXVO\ LQfecWed (QRW
YaccLQaWed) (P(I_D±)) (N. N. NJX\eQ eW aO. 2022)

0.16

ReacK Rf cRQfLdeQW LQfOXeQceU (SKeaUeU, FRUPaQ-KaW],
aQd KKX]aP 2021)

0.3

ReacK Rf KeVLWaQW LQfOXeQceU (SKeaUeU, FRUPaQ-KaW], aQd
KKX]aP 2021)

0.4

DiVeaVe TUaQVPiVViRQ

AW WKe VWaUW Rf eacK VLPXOaWLRQ Ze VeW a dLVeaVe WKUeVKROd YaOXe WKaW LQdLcaWeV WKe LQLWLaO

fUeTXeQc\ Rf LQfecWed LQdLYLdXaOV LQ WKe SRSXOaWLRQ. We aOVR VSecLf\ WKUee SURbabLOLWLeV Rf

LQfecWLRQ: WKe SURbabLOLW\ Rf LQfecWLRQ Lf aQ aJeQW KaV QeYeU beeQ LQfecWed RU YaccLQaWed (P(I)); WKe

SURbabLOLW\ Rf LQfecWLRQ Lf aQ aJeQW KaV QeYeU beeQ LQfecWed bXW LV YaccLQaWed (P(I_V+)); YaccLQe

effLcac\ SaUaPeWeU); aQd WKe SURbabLOLW\ Rf LQfecWLRQ Lf aQ aJeQW KaV beeQ SUeYLRXVO\ LQfecWed bXW

LV QRW YaccLQaWed (P(I_D±); LQfecWLRQ-LQdXced LPPXQLW\ SaUaPeWeU)). If aQ aJeQW KaV beeQ LQfecWed

aQd LV YaccLQaWed (bRWK D± aQd V+), WKe SURbabLOLW\ Rf LQfecWLRQ LV WKe SURdXcW Rf P(I_V+) aQd

P(I_D±).
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OXU JRaO ZLWK WKLV PRdeO LV QRW WR VWXd\ WKe dLVeaVe d\QaPLcV LQ SaUWLcXOaU, bXW WR SURYLde

LQVLJKWV ZLWK UeJaUdV WR KRZ cXOWXUaO aQd decLVLRQ-PaNLQJ WeQdeQcLeV LQWeUacW ZLWK dLVeaVe

eSLdePLRORJ\ WR affecW YaccLQaWLRQ aQd YaccLQe beOLef RXWcRPeV. AV VXcK, Ze ePSOR\ a

VLPSOLfLed SaWWeUQ Rf dLVeaVe WUaQVPLVVLRQ, fRcXVLQJ SULPaULO\ RQ dLVeaVe aV a facWRU LQfOXeQcLQJ

YaccLQe beOLefV aQd YaccLQaWLRQ beKaYLRU. AfWeU LQLWLaOL]aWLRQ, WKe SURbabLOLW\ WKaW aQ LQdLYLdXaO

becRPeV LQfecWed LQ VXbVeTXeQW WLPeVWeSV deSeQdV RQ 1) ZKeWKeU WKe\ ZeUe e[SRVed WR WKe

dLVeaVe, WKaW LV, ZKeWKeU WKe\ ZeUe LQ LPPedLaWe cRQWacW ZLWK aQ LQfecWed LQdLYLdXaO LQ WKe

SUeYLRXV WLPeVWeS, 2) ZKeWKeU WKe\ aUe YaccLQaWed aQd 3) ZKeWKeU WKe\ Kad beeQ SUeYLRXVO\

LQfecWed. AfWeU UecRYeU\, LQdLYLdXaOV aUe aVVLJQed WKe VWaWe D± (UecRYeUed ZLWK LQfecWLRQ-LQdXced

LPPXQLW\ VWaWXV). We aOVR LQcOXded WKe LQWURdXcWLRQ Rf a UaQdRP LQfecWLRQ WR WKe SRSXOaWLRQ

eYeU\ fLYe WLPeVWeSV, VLQce WKe SRSXOaWLRQ LV QRW PeaQW WR be a cRPSOeWeO\ cORVed V\VWeP.

VacciQaWiRQ

IQ WKLV PRdeO, LQdLYLdXaOV YaccLQaWe WKePVeOYeV baVed RQ WKeLU YaccLQe aWWLWXde (A+ RU A±),

WKeLU decLVLRQ-PaNLQJ bLaV (B±, B0, B+) aQd WKe QXPbeU Rf YaccLQaWed aQd LQfecWed LQdLYLdXaOV LQ

WKeLU LPPedLaWe cRQWacWV (FigXre 4.1). TKeUe aUe fRXU SULPaU\ aVVXPSWLRQV RQ ZKLcK Ze

cRQVWUXcW YaccLQaWLRQ SURbabLOLW\: 1) VaccLQe-cRQfLdeQW LQdLYLdXaOV aUe PRUe OLNeO\ WR YaccLQaWe

WKePVeOYeV WKaQ YaccLQe-KeVLWaQW LQdLYLdXaOV UeJaUdOeVV Rf VRcLaO QeWZRUN cRPSRVLWLRQ

(YaccLQaWed aQd LQfecWed SURSRUWLRQV); 2) IQdLYLdXaOV ZKR KROd a cRQfRUPLW\ bLaV aUe PRUe OLNeO\

WKaQ XQbLaVed aQd aQWL-cRQfRUPLW\ bLaVed LQdLYLdXaOV WR YaccLQaWe aV WKe QXPbeU Rf YaccLQaWed

LQdLYLdXaOV LQ WKeLU cRQWacWV LQcUeaVeV, aQd WKRVe ZKR KROd aQ aQWL-cRQfRUPLW\ bLaV aUe PRUe

OLNeO\ WR YaccLQaWe aV WKe QXPbeU Rf XQYaccLQaWed cRQWacWV LQcUeaVe; 3) BRWK YaccLQe-cRQfLdeQW

aQd YaccLQe-KeVLWaQW LQdLYLdXaOV aUe PRUe OLNeO\ WR YaccLQaWe WKePVeOYeV aV WKe QXPbeU Rf

LQfecWed LQdLYLdXaOV LQ WKeLU dLUecW cRQWacWV LQcUeaVeV (LQcUeaVed ULVN Rf LQfecWLRQ); 4) CRQfLdeQW

LQdLYLdXaOV ZLWK aQ XQbLaVed decLVLRQ-PaNLQJ VWUaWeJ\ aUe PRUe OLNeO\ WR YaccLQaWe WKaQ KeVLWaQW

LQdLYLdXaOV ZLWK XQbLaVed VWUaWeJ\. BaVed RQ WKeVe aVVXPSWLRQV, Ze cRQVWUXcWed a VeW Rf fXQcWLRQV

WKaW Ze XVe WR caOcXOaWe SaUWLaO YaccLQaWLRQ SURbabLOLWLeV: PD(V): YaccLQaWLRQ SURbabLOLW\ baVed RQ

WKe QXPbeU Rf LQfecWed cRQWacWV (FigXre 4.1A) aQd PV(V): YaccLQaWLRQ SURbabLOLW\ baVed RQ WKe

QXPbeU Rf YaccLQaWed cRQWacWV (FigXre 4.1B). TaNeQ WRJeWKeU, fLQaO YaccLQaWLRQ SURbabLOLW\

(PF(V)) LV WKe SURdXcW Rf WKe LQfecWLRQ fUeTXeQc\-baVed SURbabLOLW\ (FigXre 4.1A), WKe dLVeaVe

LQfecWLYLW\ (P(I)), YaccLQaWLRQ fUeTXeQc\-baVed SURbabLOLW\ (FigXre 4.1) aQd YaccLQe effLcac\ (1 ±
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P(I_V+)) (ETXaWLRQ LQ FigXre 4.1 caSWLRQ). OQce YaccLQaWed, LQdLYLdXaOV UePaLQ YaccLQaWed fRU

WKe UePaLQdeU Rf WKe VLPXOaWLRQ.
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FigXre 4.1: Vaccination Probabilit\ FXnctions. VaccLQaWLRQ SURbabLOLW\ fXQcWLRQV ZeUe

cRQVWUXcWed accRUdLQJ WR VSecLfLc aVVXPSWLRQV RXWOLQed abRYe. TKe fLQaO YaccLQaWLRQ SURbabLOLW\

PF(V) LV WKe fXQcWLRQ Rf WZR RWKeU SURbabLOLWLeV: A) WKe SURbabLOLW\ (PD(V)) WKaW aQ aJeQW decLdeV

WR YaccLQaWe (YeUWLcaO a[LV) baVed VROeO\ RQ WKeLU YaccLQe aWWLWXdeV (cRQfLdeQW (A+) LQ bOacN,

KeVLWaQW (A±) LQ JUeeQ) aQd WKe QXPbeU Rf LQfecWed LQdLYLdXaOV LQ WKeLU dLUecW cRQWacWV , aQd B) WKe

SURbabLOLW\ (PV(V)) WKaW aQ aJeQW decLdeV WR YaccLQaWe baVed VROeO\ RQ WKeLU bLaV (Ued ±

aQWL-cRQfRUPLVW (B±), bOacN ± XQbLaVed (B0), bOXe ± cRQfRUPLVW (B+)), WKeLU aWWLWXde (VROLd ±

cRQfLdeQW (A+), daVKed ± KeVLWaQW (A±)), aQd WKe QXPbeU Rf YaccLQaWed LQdLYLdXaOV LQ WKeLU dLUecW

cRQWacWV . TKeVe caOcXOaWLRQV aUe WKeQ XVed WR deWeUPLQe PF(V) YLa WKe eTXaWLRQ

. FXQcWLRQV LQ SaQeO B ZeUe PRdLfLed𝑃
𝐹
ഈ𝑉ഉ ࡦ 𝑃

𝐷
ഈ𝑉ഉ ࡢ 𝑃ഈ𝐼ഉ ࡢ 𝑃

𝑉
ഈ𝑉ഉ ࡢ ഈ1 ࡠ 𝑃ഈ𝐼|𝑉࡟ഉഉ

fURP (AQdeUVRQ aQd CUeaQ]a 2023).

AWWiWXde TUaQViWiRQ

DXULQJ eacK WLPeVWeS, aQ LQdLYLdXaO LV abOe WR cKaQJe WKeLU YaccLQe aWWLWXde (L.e. WUaQVLWLRQ

fURP YaccLQe KeVLWaQW WR YaccLQe cRQfLdeQW RU YLce YeUVa). TKe SURbabLOLW\ WKaW aQ LQdLYLdXaO

cKaQJeV WKeLU aWWLWXde LV LQfOXeQced b\ WKeLU bLaV, WKe aWWLWXdeV Rf WKeLU dLUecW cRQWacWV, aQd

ZKeWKeU WKe\ fROORZ aQ LQfOXeQceU. TKe ³LQfOXeQceU´ LQ RXU PRdeO LV aQ LQdLYLdXaO RXWVLde Rf WKe

SRSXOaWLRQ (e[WeUQaO fRUce) ZKR LQfOXeQceV WKe aWWLWXde WUaQVLWLRQ Rf a SUedeWeUPLQed SURSRUWLRQ
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Rf WKe SRSXOaWLRQ aW eacK WLPeVWeS. TKeUe aUe WZR SRWeQWLaO e[WeUQaO LQfOXeQceUV LQ RXU PRdeO, a

YaccLQe-cRQfLdeQW (A+) LQfOXeQceU aQd a YaccLQe-KeVLWaQW (A±) LQfOXeQceU. AW LQLWLaOL]aWLRQ, Ze VeW

WKe UeacK Rf eacK LQfOXeQceU, L.e. WKe SURSRUWLRQ Rf WKe SRSXOaWLRQ fROORZLQJ WKe LQfOXeQceU (Table

4.1). DXULQJ eacK WLPeVWeS, LQdLYLdXaOV aUe cKRVeQ aW UaQdRP, ZLWKLQ WKe cRQVWUaLQWV Rf WKe

LQfOXeQceU'V UeacK, WR be ³fROORZeUV´. AV deVcULbed LQ PRUe deWaLO beORZ, Lf WKe LQdLYLdXaO LV a

fROORZeU, WKeLU aWWLWXde caQ aOVR cKaQJe LQ UeVSRQVe WR WKe LQfOXeQceU, deSeQdLQJ RQ ZKeWKeU WKeLU

aWWLWXde PaWcKeV WKe aWWLWXde(V) Rf WKeLU LQfOXeQceU(V) (FigXre 4.3).

TKe LQLWLaO SURbabLOLW\ WKaW aQ LQdLYLdXaO cKaQJeV WKeLU aWWLWXde VWaWe LV deWeUPLQed b\ a

fXQcWLRQ LQfRUPed b\ WKe LQdLYLdXaO¶V bLaV (aQWL-cRQfRUPLW\, XQbLaVed RU cRQfRUPLW\) aQd WKe

QXPbeU Rf VXUURXQdLQJ YaccLQe-cRQfLdeQW LQdLYLdXaOV (FigXre 4.2); Ze XVe RQe VeW Rf fXQcWLRQV

fRU cRQfLdeQW WR KeVLWaQW WUaQVLWLRQV aQd a cRPSOePeQWaU\ VeW Rf fXQcWLRQV fRU KeVLWaQW WR

cRQfLdeQW WUaQVLWLRQV. TKeVe fXQcWLRQV ZeUe cRQVWUXcWed accRUdLQJ WR WKe fROORZLQJ aVVXPSWLRQV:

a cRQfLdeQW LQdLYLdXaO ZLWK a QRYeOW\ bLaV LV PRUe OLNeO\ WR becRPe YaccLQe KeVLWaQW aV PRUe Rf

WKeLU dLUecW cRQWacWV becRPe YaccLQe-cRQfLdeQW, ZKeUeaV cRQfRUPLW\-bLaVed cRQfLdeQW LQdLYLdXaOV

aUe OeVV OLNeO\ WR cKaQJe WKeLU aWWLWXde VWaWe XQdeU WKe VaPe cRQdLWLRQV (FigXre 4.2A). TKe

RSSRVLWe LV aVVXPed fRU YaccLQe-KeVLWaQW LQdLYLdXaOV: WKRVe ZKR KROd a cRQfRUPLW\ bLaV aUe PRUe

OLNeO\ WR becRPe YaccLQe±cRQfLdeQW aV PRUe Rf WKeLU dLUecW cRQWacWV becRPe YaccLQe cRQfLdeQW,

ZKeUeaV YaccLQe KeVLWaQW LQdLYLdXaOV ZLWK aQWL-cRQfRUPLVW bLaV LQdLYLdXaOV aUe PRUe LQcOLQed WR

UePaLQ YaccLQe KeVLWaQW (FigXre 4.2B). UQbLaVed LQdLYLdXaOV, UeJaUdOeVV Rf aWWLWXde, UePaLQ 50%

OLNeO\ WR cKaQJe WKeLU beOLef LQdeSeQdeQW Rf WKe fUeTXeQc\ Rf cRQfLdeQW LQdLYLdXaOV LQ WKeLU dLUecW

cRQWacWV. (FigXre 4.2).
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FigXre 4.2: AttitXde Transition Probabilit\ FXnctions. VaccLQaWLRQ SURbabLOLW\ fXQcWLRQV ZeUe

cRQVWUXcWed accRUdLQJ WR VSecLfLc aVVXPSWLRQV RXWOLQed abRYe (eTXaWLRQV PRdLfLed fURP

(AQdeUVRQ aQd CUeaQ]a 2023) A) TKe SURbabLOLW\ Rf a YaccLQe-cRQfLdeQW aJeQW WUaQVLWLRQLQJ WR

YaccLQe KeVLWaQW baVed RQ WKeLU decLVLRQ-PaNLQJ bLaV (Ued ± aQWLcRQfRUPLVW (B±), bOacN ± XQbLaVed

(B0), bOXe - cRQfRUPLVW (B+)), aQd WKe QXPbeU Rf cRQfLdeQW LQdLYLdXaOV LQ WKeLU dLUecW cRQWacWV. B)

TKe SURbabLOLW\ Rf a YaccLQe±KeVLWaQW aJeQW WUaQVLWLRQLQJ WR YaccLQe-cRQfLdeQW.

If aQ LQdLYLdXaO LV a fROORZeU, WKeLU WUaQVLWLRQ SURbabLOLW\ Pa\ be fXUWKeU adMXVWed baVed RQ

WKe LQdLYLdXaO¶V aWWLWXde, aQd WKe aWWLWXde(V) Rf WKeLU LQfOXeQceU(V) (FigXre 4.3). If aQ aJeQW LV

fROORZLQJ a VLQJOe LQfOXeQceU ZLWK ZKRP WKe\ VKaUe WKe VaPe aWWLWXde, WKe SURbabLOLW\ Rf aWWLWXde

WUaQVLWLRQ LV XQcKaQJed. HRZeYeU, Lf WKe aJeQW LV fROORZLQJ bRWK WKe cRQfLdeQW aQd KeVLWaQW

LQfOXeQceUV WKeQ WKe SURbabLOLW\ Rf aWWLWXde WUaQVLWLRQ WUaQVLWLRQ LV UedXced b\ VRPe facWRU. If WKe

aJeQW LV fROORZLQJ a VLQJOe LQfOXeQceU Rf WKe RSSRVLWe aWWLWXde, WKeQ WKe SURbabLOLW\ Rf WUaQVLWLRQ WR

WKe LQfOXeQceU¶V aWWLWXde LV LQcUeaVed.
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FigXre 4.3: Description of the effect of the inflXencer on folloZer attitXde transition.

AWWLWXde WUaQVLWLRQ SURbabLOLW\ LV UedXced Lf aQ aJeQW LV fROORZLQJ bRWK LQfOXeQceUV, bXW LQcUeaVed

Lf aQ aJeQW LV fROORZLQJ aQ LQfOXeQceU ZLWK WKe RSSRVLQJ aWWLWXde. AQ e[aPSOe ZLWK a cRQfLdeQW

aJeQW LV VKRZQ.

HRPRShiO\

A VLPXOaWLRQ caQ be UXQ ZLWK RU ZLWKRXW WKe effecWV Rf KRPRSKLO\, L.e. ZLWK aWWLWXde-baVed

UeORcaWLRQ WR aQRWKeU SRVLWLRQ LQ WKe PaWUL[ RU ZLWK UaQdRP UeORcaWLRQ. If WKe VLPXOaWLRQ LV UXQ

ZLWK KRPRSKLO\ eQabOed, a SUeVSecLfLed QXPbeU Rf LQdLYLdXaOV, VeOecWed aW UaQdRP, Pa\ VZLWcK

SRVLWLRQV LQ WKe PaWUL[ baVed RQ WKeLU aWWLWXde VWaWe. SeOecWed LQdLYLdXaOV Pa\ UeORcaWe WR

SRVLWLRQV ZKeUe WKe\ ZLOO be VXUURXQded b\ PRUe LQdLYLdXaOV Rf WKe VaPe YaccLQe aWWLWXde

(KRPRSKLO\). DXULQJ eacK WLPeVWeS, WZR LQdLYLdXaOV aUe cKRVeQ aW UaQdRP (AJeQW 1 aQd AJeQW

2), aQd Ze WKeQ VXP WKe QXPbeU Rf YaccLQe-cRQfLdeQW LQdLYLdXaOV LQ eacK aJeQW¶V dLUecW cRQWacWV.

If AJeQW 1 LV YaccLQe-cRQfLdeQW aQd AJeQW 2 LV YaccLQe-KeVLWaQW, aQd WKeUe aUe PRUe

YaccLQe-cRQfLdeQW aJeQWV cXUUeQWO\ VXUURXQdLQJ AJeQW 2 WKaQ VXUURXQdLQJ AJeQW 1, WKeQ WKeUe LV a

SURbabLOLW\ WKaW AJeQW 1 ZLOO VZLWcK SOaceV ZLWK AJeQW 2. SLPLOaUO\, Lf AJeQW 1 LV YaccLQe-KeVLWaQW

aQd AJeQW 2 LV YaccLQe-cRQfLdeQW, aQd WKeUe aUe OeVV YaccLQe-cRQfLdeQW SeRSOe VXUURXQdLQJ AJeQW

2, WKaQ VXUURXQdLQJ AJeQW 1, WKeQ AJeQW 1 Pa\ VZLWcK SOaceV ZLWK AJeQW 2. If AJeQW 1 aQd AJeQW

2 VKaUe WKe VaPe aWWLWXde, RU a SRVVLbOe VZLWcK LV XQfaYRUabOe WR aQ\ SaUW\, QR VZLWcK RccXUV. TKLV

SURceVV cRQWLQXeV fRU a SUeVSecLfLed QXPbeU Rf LQdLYLdXaOV.

84



If WKe VLPXOaWLRQ LV UXQ ZLWKRXW KRPRSKLO\, VeOecWed LQdLYLdXaOV Pa\ cKaQJe ORcaWLRQV

ZLWKLQ WKe PaWUL[ aW UaQdRP, WKaW LV, ZLWKRXW aWWLWXde deSeQdeQce. We e[SecW KRPRSKLO\ WR

VXbVeTXeQWO\ decUeaVe aWWLWXde WUaQVLWLRQV, VLQce aQ LQdLYLdXaO LV PRUe OLNeO\ WR be QeaU cOXVWeUV Rf

RWKeU LQdLYLdXaOV ZKR VKaUe beOLefV ZLWK RQe aQRWKeU aQd aWWLWXde WUaQVLWLRQV deSeQd RQ WKe

fUacWLRQ Rf QeLJKbRUV ZLWK eacK beOLef.

ReVXOWV

TePSRUaO AQaO\ViV aQd HRPRShiO\ EffecWV

TR deWeUPLQe ZKeWKeU d\QaPLcV dLffeUed beWZeeQ SRSXOaWLRQV ZLWK dLffeUeQW dLVWULbXWLRQV

Rf decLVLRQ-PaNLQJ bLaVeV, Ze KeOd aOO RWKeU SaUaPeWeUV aW defaXOW YaOXeV (Table 4.1) aQd WUacNed

WKe SRSXOaWLRQ fUeTXeQcLeV Rf cRQfLdeQW, YaccLQaWed, LQfecWed, aQd UecRYeUed LQdLYLdXaOV RYeU

WLPe fRU VL[ dLVWULbXWLRQV Rf decLVLRQ-PaNLQJ bLaV LQ WKe SRSXOaWLRQ (FigXre 4.4±4.5).

CRQcXUUeQWO\, Ze WeVWed ZKeWKeU WKe SUeVeQce Rf KRPRSKLO\ Kad aQ effecW RQ RXWcRPeV (cRPSaUe

FigXres 4.4±4.5 WRS URZ YV. bRWWRP URZ). TKe effecW Rf KRPRSKLO\ ZaV QeJOLJLbOe e[ceSW ZKeQ

WKe WRWaO SRSXOaWLRQ (FigXre 4.4C, F) RU PaMRULW\ Rf WKe SRSXOaWLRQ (FigXre 4.5A, D) LV

cRQfRUPLW\ bLaVed. IQ WKeVe KLJKeU cRQfRUPLW\-bLaVed eQYLURQPeQWV, WKe SUeVeQce Rf

KRPRSKLO\-PRWLYaWed PRYePeQW UedXceV Pa[LPXP aYeUaJe YaccLQaWLRQ fUeTXeQc\ acKLeYed b\

WKe eQd Rf bRWK VLPXOaWLRQV (FigXre 4.4C, F aQd FigXre 4.5A, D), bXW UedXceV cRQfLdeQce

fUeTXeQc\ LQ RQO\ WKe aOO-cRQfRUPLVW eQYLURQPeQW (FigXre 4.4C-F).

A KRPRJeQeRXVO\ cRQfRUPLVW SRSXOaWLRQ aQd a KRPRJeQeRXVO\ aQWL-cRQfRUPLVW

SRSXOaWLRQ dLVSOa\ RWKeU QRWabOe SaWWeUQV. OQO\ ZKeQ WKe SRSXOaWLRQ LV KRPRJeQeRXVO\

cRQfRUPLVW LV WKe cRQfLdeQce LQcUeaVed fURP WKe VWaUWLQJ fUeTXeQc\ (FigXre 4.4C, F), aQd WKRXJK

LQLWLaOO\ UedXced, cRQfLdeQce LV KLJKO\ VWRcKaVWLc LQ a SRSXOaWLRQ WKaW cRQVLVWV VROeO\ Rf QRYeOW\

bLaVed LQdLYLdXaOV (FigXre 4.4A, D ).

UVLQJ a WKUeVKROd Rf 70% YaccLQaWLRQ cRYeUaJe aV a SUR[\ fRU KeUd LPPXQLW\

(dePaUcaWed b\ WKe KRUL]RQWaO daVKed OLQe RQ RXU OLQe SORWV (FigXres 4.4-4.5)), WKeVe WeVWV VKRZ

QR VLJQLfLcaQW effecW Rf bLaV dLVWULbXWLRQ RU LQfOXeQceU effecW (QRW VKRZQ, Vee dLVcXVVLRQ) RQ WLPe

WR KeUd LPPXQLW\. EYeQ WKRXJK LQdLYLdXaO VLPXOaWLRQV Pa\ KaYe UeVXOWed LQ KeUd LPPXQLW\

fUeTXeQcLeV aW OaWeU WLPeVWeSV, RQ aYeUaJe 70% YaccLQaWLRQ ZaV acKLeYed fRU aOO WeVWV befRUe 10

WLPeVWeSV.
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FigXre 4.4: Temporal anal\sis of trait d\namics Zith homogeneoXsl\ biased popXlation.

EacK SORW ZaV cUeaWed b\ UXQQLQJ 10 VLPXOaWLRQV aQd SORWWLQJ WKe aYeUaJe fUeTXeQc\ Rf A+ (bOXe),

V+ (bOacN), D± (\eOORZ) aQd D+ (Ued) aW eacK WLPeVWeS. IQLWLaO SaUaPeWeUV fRU eacK VLPXOaWLRQ ZeUe

VeW WR WKRVe VKRZQ LQ Table 4.1 ZKLOe YaU\LQJ SRSXOaWLRQ bLaV dLVWULbXWLRQ± KRPRJeQeRXVO\

aQWL-cRQfRUPLW\-bLaVed SRSXOaWLRQ (A, D); KRPRJeQeRXVO\ XQbLaVed SRSXOaWLRQ (B, E) aQd

KRPRJeQeRXVO\ cRQfRUPLVW-bLaVed SRSXOaWLRQ (C, F). EacK VLPXOaWLRQ ZaV UXQ ZLWK

KRPRSKLO\-baVed PRYePeQW (D±E) aQd ZLWKRXW KRPRSKLO\, L.e. UaQdRP UeORcaWLRQ (A±C).
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FigXre 4.5: Temporal anal\sis of trait d\namics Zith heterogeneoXsl\ biased popXlation.

EacK SORW ZaV cUeaWed b\ UXQQLQJ 10 VLPXOaWLRQV aQd SORWWLQJ WKe aYeUaJe fUeTXeQc\ Rf A+ (bOXe),

V+ (bOacN), D± (\eOORZ) aQd D+ (Ued) aW eacK WLPeVWeS. IQLWLaO SaUaPeWeUV fRU eacK VLPXOaWLRQ ZeUe

VeW WR WKRVe VKRZQ LQ Table 4.1 ZKLOe YaU\LQJ SRSXOaWLRQ bLaV dLVWULbXWLRQ:LQdLYLdXaOV aUe eLWKeU

aQWL-cRQfRUPLVW RU aQd cRQfRUPLVW-bLaVed, ZLWK KLJKeU cRQfRUPLVW fUeTXeQcLeV (A, D); LQdLYLdXaOV

caQ be aQWL-cRQfRUPLVW, cRQfRUPLVW, RU XQbLaVed (B, E) aQd aOO LQdLYLdXaOV aUe eLWKeU

aQWL-cRQfRUPLVW RU cRQfRUPLVW bLaVed, ZLWK KLJKeU QRYeOW\ fUeTXeQcLeV (C, F). EacK VLPXOaWLRQ

ZaV UXQ ZLWK KRPRSKLO\ baVed PRYePeQW (D±E) aQd ZLWKRXW KRPRSKLO\, L.e. UaQdRP UeORcaWLRQ

(A±C).

SeQViWiYiW\ AQaO\ViV

Ne[W, Ze cRQdXcWed a VeQVLWLYLW\ aQaO\VLV, YaU\LQJ WKe SURbabLOLW\ Rf LQfecWLRQ Lf aQ aJeQW

KaV QeYeU LQfecWed RU YaccLQaWed (P(I)) aQd WKe SURbabLOLW\ Rf LQfecWLRQ Lf aQ aJeQW KaV QeYeU beeQ

LQfecWed bXW LV YaccLQaWed (P(I_V+)), XQdeU WZR decLVLRQ-PaNLQJ bLaV VceQaULRV: 1) aOO bLaVeV

SUeVeQW LQ WKe SRSXOaWLRQ aW SURSRUWLRQV B± = 0.4, B0 = 0.2, B+ = 0.4 (FigXre 4.6A-B, aQd 2) a

KRPRJeQeRXVO\ cRQfRUPLVW SRSXOaWLRQ (FigXre 4.7A-B). FRU eacK SaLU Rf cRQdLWLRQV, Ze SORW WKe

aYeUaJe YaccLQaWLRQ aQd cRQfLdeQce fUeTXeQcLeV Rf 10 VLPXOaWLRQV aW eacK Rf 100 WLPeVWeSV.

TKeVe VLPXOaWLRQV aUe UXQ ZLWK KRPRSKLO\-baVed UeORcaWLRQ, aQd aOO RWKeU SaUaPeWeUV aUe aV OLVWed

LQ Table 4.1.
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If LQdLYLdXaOV aUe cRPSOeWeO\ VXVceSWLbOe WR LQfecWLRQ (QeYeU LQfecWed aQd XQYaccLQaWed;

P(I)>0), WKe PRdeO SURdXceV a WUadeRff beWZeeQ YaccLQe effLcac\ (1-P(I_V+)) aQd WKe SURbabLOLW\

Rf LQfecWLRQ (FigXre 4.6B aQd 4.7B). VaccLQe XSWaNe LV UedXced ZKeQ WKe SURbabLOLW\ Rf YaccLQe

bUeaNWKURXJK LQfecWLRQV LV KLJKeU (FigXre 4.6B aQd 4.7B), ZKLOe YaccLQe XSWaNe LV LQcUeaVed

ZKeQ WKe ULVN Rf LQfecWLRQ WR cRPSOeWeO\ VXVceSWLbOe LQdLYLdXaOV LV KLJKeU (FigXre 4.6B aQd

4.7B). TKLV beKaYLRU LV PRUe UeadLO\ RbVeUYed LQ WKe KeWeURJeQeRXV SRSXOaWLRQ (FigXre 6B), aV

WKe KRPRJeQeRXVO\ cRQfRUPLVW SRSXOaWLRQ e[KLbLWV PRUe LUUeJXOaULWLeV LQ WKe SaWWeUQ Rf

YaccLQaWLRQ XSWaNe (FigXre 4.7B).

IQWeUeVWLQJO\, Ze QRWe WKaW SRSXOaWLRQ cRQfLdeQce aQd YaccLQaWLRQ fUeTXeQc\ SaWWeUQV dR

QRW PLUURU RQe aQRWKeU LQ WKe VLPXOaWLRQV ZLWK a KeWeURJeQeRXVO\ bLaVed SRSXOaWLRQ (FigXre 4.6).

TKaW LV, cRQfLdeQce fUeTXeQcLeV XQdeU SaUWLcXOaU cRQdLWLRQV dR QRW SUedLcW YaccLQaWLRQ

fUeTXeQcLeV (FigXre 4.6). AOVR, LQ cRQWUaVW WR YaccLQaWLRQ, YaU\LQJ WKe SaUaPeWeUV WeVWed dLd QRW

Oead WR a dLVWLQcWLYe SaWWeUQ Rf cRQfLdeQce adRSWLRQ LQ WKe KeWeURJeQeRXV SRSXOaWLRQ (FigXre 4.6);

aOO VLPXOaWLRQV UeSUeVeQWed LQ WKe KeaWPaS KaYe URXJKO\ VLPLOaU cRQfLdeQce OeYeOV. TKe aYeUaJe

fLQaO cRQfLdeQce fUeTXeQc\ fRU eacK cRQdLWLRQ aSSURacKed PLdUaQJe YaOXeV (a0.6), bRWK ZKeQ

YaU\LQJ WKe SURbabLOLW\ Rf LQfecWLRQ (P(I) Rf cRPSOeWeO\ VXVceSWLbOe LQdLYLdXaOV) aQd YaU\LQJ WKe

VWaUWLQJ YaccLQe cRQfLdeQce (A+) fUeTXeQc\ LQ cRQMXQcWLRQ ZLWK WKe SURbabLOLW\ Rf LQfecWLRQ

(YaccLQaWed) (FigXre 4.6A, C). VaccLQaWLRQ fUeTXeQcLeV, KRZeYeU, UeVSRQded dLffeUeQWLaOO\ WR

eacK caVe: ORZ YaccLQaWLRQ XSWaNe ZaV OLQNed WR bRWK ORZ ULVN Rf LQfecWLRQ aQd ORZ YaccLQe

effLcac\ (FigXre 4.6B), bXW YaccLQaWLRQ fUeTXeQcLeV ZeUe PRVWO\ cRQVLVWeQW aW eacK OeYeO Rf

YaccLQaWed SURbabLOLW\ Rf LQfecWLRQ deVSLWe WKe YaULaWLRQV LQ VWaUWLQJ cRQfLdeQce (FigXre 4.6D).
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FigXre 4.6: Confidence freqXencies remain stable as Yaccination Xptake is affected b\

infection probabilities in a popXlation Zith heterogeneoXs decision-making biases. EacK KeaW

PaS VKRZV WKe aYeUaJe cRQfLdeQce fUeTXeQc\ (LQ bOXe; A, C) aQd YaccLQaWLRQ fUeTXeQc\ (LQ

bOacN; B, D) aW WKe fLQaO WLPeVWeS (100) Rf 10 VLPXOaWLRQV aW eacK Rf WKe cRQdLWLRQV VSecLfLed RQ

WKe a[eV LQ a SRSXOaWLRQ ZLWK KeWeURJeQeRXV decLVLRQ-PaNLQJ bLaVeV (B± = 0.40, B0 = 0.20, B+ =

0.40). PaQeOV A aQd B VKRZ WKe RXWSXWV aW YaULRXV VXVceSWLbOe LQfecWLRQ SURbabLOLWLeV (YeUWLcaO

a[LV) aQd YaccLQaWed SURbabLOLW\ Rf LQfecWLRQ (KRUL]RQWaO a[LV), aQd (C, D) VKRZ WKe RXWSXWV Rf

YaU\LQJ WKe VWaUWLQJ cRQfLdeQce fUeTXeQcLeV LQ WKe SRSXOaWLRQ (YeUWLcaO a[LV) aQd WKe SURbabLOLW\ Rf

bUeaNWKURXJK LQfecWLRQ fRU YaccLQaWed LQdLYLdXaOV (KRUL]RQWaO a[LV). TKe PedLaQ aYeUaJe

fUeTXeQc\ Rf eacK KeaW PaS LV VKRZQ.
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SLPLOaUO\, LQ WKe KRPRJeQeRXVO\ cRQfRUPLVW SRSXOaWLRQ, WKeUe dReV QRW aSSeaU WR be a

SaWWeUQ LQ fLQaO cRQfLdeQce OeYeO LQ UeVSRQVe WR YaULaWLRQV LQ LQfecWLRQ SURbabLOLWLeV (FigXre 4.7A,

C). HRZeYeU, XQOLNe LQ WKe KeWeURJeQeRXV SRSXOaWLRQ, cRQfLdeQce aQd YaccLQaWLRQ fUeTXeQcLeV LQ

WKe KRPRJeQeRXVO\ cRQfRUPLVW SRSXOaWLRQ URXJKO\ PLUURU eacK RWKeU (FigXre 4.7). TKLV

SRSXOaWLRQ aOVR e[KLbLWV VeQVLWLYLW\ WR LQLWLaO cRQfLdeQce fUeTXeQcLeV LQ WKe SRSXOaWLRQ (FigXre

4.7C-D). WKeQ LQLWLaO cRQfLdeQce fUeTXeQc\ LQ WKe KRPRJeQeRXV SRSXOaWLRQ LV YaULed aORQJVLde

bUeaNWKURXJK LQfecWLRQ SURbabLOLW\ fRU YaccLQaWed LQdLYLdXaOV, aYeUaJe cRQfLdeQce fUeTXeQcLeV aW

100 WLPeVWeSV UePaLQ KLJKeU aW KLJKeU LQLWLaO fUeTXeQcLeV aQd UePaLQ ORZeU aW ORZeU LQLWLaO

fUeTXeQcLeV (FigXre 4.7C, D). IQ WKLV SRSXOaWLRQ, YaccLQaWLRQ SaWWeUQV cRUUeVSRQd WR cRQfLdeQce

SaWWeUQV, L.e, YaccLQaWLRQ fUeTXeQcLeV aUe KLJKeU Lf cRQfLdeQce fUeTXeQcLeV aUe KLJKeU aQd ORZeU

ZKeQ WKe SRSXOaWLRQ LV KeVLWaQW (FigXre 4.7C, D).
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FigXre 4.7: Confidence and Vaccination d\namics are sensitiYe to initial confidence in a

homogeneoXsl\ conformist popXlation. EacK KeaW PaS VKRZV WKe aYeUaJe cRQfLdeQce (LQ bOXe;

A,C) aQd YaccLQaWLRQ (LQ bOacN; B, D) fUeTXeQc\ aW WKe fLQaO WLPeVWeS (100) Rf 10 VLPXOaWLRQV aW

eacK Rf WKe cRQdLWLRQV VSecLfLed RQ WKe a[eV LQ a KRPRJeQeRXVO\ cRQfRUPLVW SRSXOaWLRQ (B± = 0,

B0 = 0, B+ = 1). PaQeOV A aQd B VKRZ WKe RXWSXWV aW YaULRXV VXVceSWLbOe LQfecWLRQ SURbabLOLWLeV

(YeUWLcaO a[LV) aQd SURbabLOLW\ Rf bUeaNWKURXJK LQfecWLRQ fRU YaccLQaWed LQdLYLdXaOV (KRUL]RQWaO

a[LV), aQd SaQeOV C aQd D VKRZ WKe RXWSXWV Rf YaU\LQJ WKe VWaUWLQJ cRQfLdeQce fUeTXeQcLeV LQ WKe

SRSXOaWLRQ (YeUWLcaO a[LV) aQd WKe SURbabLOLW\ Rf LQfecWLRQ fRU YaccLQaWed LQdLYLdXaOV (KRUL]RQWaO

a[LV). TKe PedLaQ aYeUaJe fUeTXeQc\ Rf eacK KeaW PaS LV VKRZQ.
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DiVcXVViRQ

AV KXPaQV Qeed WR PaNe PaQ\ decLVLRQV eacK da\, RXU cRQVcLRXV aQd VXbcRQVcLRXV

PLQdV XVe a YaULeW\ Rf decLVLRQ-PaNLQJ VKRUWcXWV (KeXULVWLcV). TKeVe aSSURacKeV aUe QRW ZLWKRXW

eUURU aQd RccaVLRQaO LUUaWLRQaO RXWcRPeV, aQd WKRVe VKRUWcXWV WKaW caQ be SUedLcWed b\ WKe

cKaUacWeULVWLcV Rf a WUaLW RU WKe fUeTXeQc\ Rf a WUaLW LQ a SRSXOaWLRQ aUe RfWeQ caOOed cRJQLWLYe RU

decLVLRQ-PaNLQJ bLaVeV. MaQ\ WKeRUeWLcaO VWXdLeV KaYe cRQVLdeUed WKe effecWV Rf WZR

fUeTXeQc\-deSeQdeQW decLVLRQ-PaNLQJ bLaVeV, QaPeO\ cRQfRUPLVW bLaV aQd aQWL-cRQfRUPLVW bLaV,

cRPSaUed WR UaQdRP LPLWaWLRQ (XQbLaVed WUaQVPLVVLRQ) (EffeUVRQ eW aO. 2008; DeQWRQ eW aO. 2020;

WaOWeUV aQd KeQdaO 2013; GURYe 2019). SLQce WKe\ affecW KeaOWK-UeOaWed decLVLRQV, LW LV LPSRUWaQW

WR XQdeUVWaQd KRZ WKeVe decLVLRQ-PaNLQJ bLaVeV Pa\ affecW WKe adRSWLRQ Rf QRYeO KeaOWK

LQfRUPaWLRQ aQd SUacWLceV. BLaVeV LQWeUacW ZLWK WKe LQfRUPaWLRQ SURYLded b\ RXU VRcLaO QeWZRUNV

aQd a YaULeW\ Rf RWKeU VRXUceV aYaLOabOe WR XV. IQ facW, WKe YaccLQaWLRQ cKaUacWeULVWLcV Rf a SaUeQW¶V

VRcLaO QeWZRUN KaYe beeQ VKRZQ WR be PRUe SUedLcWLYe Rf SaUeQW YaccLQaWLRQ decLVLRQV WKaQ WKeLU

RZQ YaccLQaWLRQ cKaUacWeULVWLcV (BUXQVRQ 2013a). TKe VWRcKaVWLcLW\ cUeaWed b\ WKeVe bLaVeV,

eVSecLaOO\ ZKeQ a SRSXOaWLRQ KaV KeWeURJeQeRXV bLaVeV, Pa\ aOVR cRQWULbXWe WR fOXcWXaWLRQV LQ

YaccLQaWLRQ adRSWLRQ UaWeV aQd WKe ORZeU-WKaQ-e[SecWed adRSWLRQ Rf QRYeO YaccLQeV LQ RWKeUZLVe

KLJKO\ YaccLQaWed UeJLRQV. IQ WKLV VWXd\, Ze XVe aQ aJeQW-baVed PRdeO WR eOXcLdaWe WKe effecWV Rf

YaULRXV decLVLRQ-PaNLQJ bLaVeV RQ WKe adRSWLRQ Rf a QRYeO YaccLQe aQd WKe VSUead Rf YaccLQe

cRQfLdeQce LQ a SRSXOaWLRQ.

IQcUeaVLQJ WKe acceVVLbLOLW\ Rf accXUaWe LQfRUPaWLRQ abRXW YaccLQeV LV RQe Za\ Rf

cRPbaWLQJ YaccLQe KeVLWaQc\ (DURU eW aO. 2020; JacRbVRQ, SW SaXYeU, aQd FLQQe\ RXWWeQ 2015).

HRZeYeU, WKLV W\Se Rf aSSURacK PLJKW be OeVV effecWLYe WKaQ e[SecWed dXe WR WKe e[LVWeQce Rf

aQWL-YaccLQaWLRQ ecKR cKaPbeUV²cORVed eQYLURQPeQWV LQ ZKLcK SaUWLcLSaQWV dLVSURSRUWLRQaWeO\

eQcRXQWeU LQfRUPaWLRQ, RSLQLRQV, aQd beOLefV WKaW UefOecW aQd UeLQfRUce WKeLU SUee[LVWLQJ beOLefV

(DLa] RXL] aQd NLOVVRQ 2023; CLQeOOL eW aO. 2021; C. T. NJX\eQ 2020), fXeOed LQ SaUW b\

cRQfLUPaWLRQ bLaV²WKe WeQdeQc\ WR VeaUcK fRU, LQWeUSUeW RU UePePbeU LQfRUPaWLRQ LQ a PaQQeU

WKaW cRQfLUPV RU VXSSRUWV RQe¶V e[LVWLQJ beOLefV (NLcNeUVRQ 1998; PRKO 2004). TKe decUeaVed

YaccLQaWLRQ aQd cRQfLdeQce fUeTXeQcLeV LQ WKe SUeVeQce Rf KRPRSKLO\ OLNeO\ UeSUeVeQWV aQ

ecKR-cKaPbeU-OLNe effecW (FigXre 4.4). If LQdLYLdXaOV aUe cKRRVLQJ WR VXUURXQd WKePVeOYeV ZLWK

VLPLOaU LQdLYLdXaOV aQd, aW WKe VaPe WLPe, WKe SURbabLOLW\ Rf aWWLWXde WUaQVLWLRQ LV deSeQdeQW RQ WKe

aWWLWXdeV Rf VXUURXQdLQJ cRQWacWV, a VPaOO-VcaOe VRcLaO eQYLURQPeQW LV cUeaWed LQ ZKLcK
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YaccLQe-KeVLWaQW LQdLYLdXaOV aUe OeVV OLNeO\ WR WUaQVLWLRQ WR cRQfLdeQce becaXVe WKeUe becRPeV

OLPLWed e[SRVXUe WR LQdLYLdXaOV Rf WKe RSSRVLWe aWWLWXde. AV a UeVXOW, WKe OeYeO Rf YaccLQe

cRQfLdeQce aQd YaccLQaWLRQ LQ a SRSXOaWLRQ LQ ZKLcK LQdLYLdXaOV e[KLbLW KRPRSKLOLc WeQdeQcLeV LV

ORZeU WKaQ WKaW LQ ZKLcK VRcLaO cLUcOeV aUe UaQdRPO\ fRUPed. TKLV effecW Pa\ aOVR be aPSOLfLed LQ

a KRPRJeQeRXVO\ cRQfRUPLVW SRSXOaWLRQ, aV YaccLQe-cRQfLdeQW LQdLYLdXaOV ZKR fLQd WKePVeOYeV

LQ PaMRULW\ KeVLWaQW cLUcOeV aUe PRVW OLNeO\ WR adRSW WKe KeVLWaQW aWWLWXde (aV RSSRVed WR Lf WKe\

ZeUe XQbLaVed RU aQWL-cRQfRUPLVW).

We RQO\ e[SORUed WKe effecWV Rf fUeTXeQc\-deSeQdeQW bLaV LQ RXU VLPXOaWLRQV, LQ VR PXcK

aV LQdLYLdXaO decLVLRQ-PaNLQJ bLaVeV LQWeUacW ZLWK YaccLQaWLRQ aQd cRQfLdeQce fUeTXeQcLeV WR

eLWKeU dULYe RU KLQdeU YaccLQaWLRQ beKaYLRU RU aWWLWXde WUaQVLWLRQ. HRZeYeU, WKe cKaUacWeULVWLcV Rf

cXOWXUaO WUaLWV, WKe TXaOLW\ Rf LQfRUPaWLRQ abRXW WKRVe WUaLWV, aQd WKe ³SUeVWLJe´ Rf WKe LQfRUPaWLRQ

VRXUce KaYe aOO beeQ VKRZQ WR affecW beKaYLRU adRSWLRQ (HeQULcK 2001; SOaWeU aQd RRXQeU 1996;

L. L. CaYaOOL-SfRU]a aQd FeOdPaQ 1981; HeQULcK aQd BR\d 2002; FRJaUW\ eW aO. 2017). OQe Za\

LQ ZKLcK Ze KaYe accRXQWed fRU WKe cKaUacWeULVWLcV Rf WKe YaccLQe LV YLa WKe YaccLQe-effLcac\

SaUaPeWeU. HRZeYeU, fXUWKeU deYeORSPeQW Rf WKe PRdeO cRXOd LQcOXde, fRU e[aPSOe, a V\VWeP WKaW

UeSUeVeQWV YaU\LQJ TXaOLW\ Rf YaccLQe LQfRUPaWLRQ aV YaccLQe fUeTXeQcLeV LQcUeaVe, aQd/RU YaU\LQJ

SUeVWLJe aPRQJ aJeQWV aQd LQfOXeQceUV, ZKLcK ZRXOd LQfRUP aWWLWXde WUaQVLWLRQ SURbabLOLWLeV.

TKRXJK WKe UeacK Rf WKe LQfOXeQceU LV VLJQLfLcaQW LQ WKLV cXUUeQW PRdeO (30% aQd 40% Rf

WKe SRSXOaWLRQ), WKe effecW Rf WKe LQfOXeQceU RQ WKe RXWcRPe Rf WKe VLPXOaWLRQV LV TXLWe VPaOO

(addLQJ RQO\ 0.05 WR aQ LQLWLaOO\ caOcXOaWed SURbabLOLW\ Rf aWWLWXde WUaQVLWLRQ Rf 0, VXcK WKaW WKe

added effecW LV UedXced aV WUaQVLWLRQ SURbabLOLW\ LQcUeaVeV WR SUeYeQW a SURbabLOLW\ Rf JUeaWeU WKaQ

1. IQcRUSRUaWLQJ PRUe YaULaWLRQ aPRQJ aJeQWV¶ LQWeUacWLRQV ZLWK LQfOXeQceUV, aV ZeOO aV YaULaWLRQV

LQ LQfOXeQceU effecW, cRXOd UeYeaO PRUe LQWeUeVWLQJ SaWWeUQV Rf WUaLW adRSWLRQ aQd SURYLde LQVLJKW

LQWR WKe LQfRUPaWLRQ±VRXUce±adRSWLRQ VWUXcWXUe VXUURXQdLQJ KeaOWK-UeOaWed LQfRUPaWLRQ.

AQ aJeQW Pa\ fLQd LWVeOf LQ a SRVLWLRQ WKaW cRXOd UeVXOW LQ SRVVLbOe cRJQLWLYe dLVVRQaQce,

L.e., VXUURXQded b\ PRVWO\ aJeQWV ZLWK WKe RSSRVLWe aWWLWXde RU RQO\ fROORZLQJ a VLQJOe LQfOXeQceU

ZLWK WKe RSSRVLWe beOLef. SRPe UeVeaUcK VXJJeVWV WKaW beLQJ VXUURXQded b\ cRQfOLcWLQJ beOLefV

PLJKW PaNe LQdLYLdXaOV OeVV OLNeO\ WR cKaQJe WKeLU PLQd LQVWead Rf PRUe OLNeO\ (SKaURW eW aO.

2023). IQ WKe cXUUeQW fUaPLQJ Rf WKe PRdeO, aQ aJeQW LV QRW QeceVVaULO\ OeVV LQcOLQed WR adRSW WKe

RSSRVLWe beOLef LQ eQYLURQPeQWV LQ ZKLcK WKe RSSRVLWe beOLef LV Rf KLJKeU fUeTXeQc\ RU SUeVeQWed

b\ KLJKO\ LQfOXeQWLaO VRXUceV (XQOeVV aQWL-cRQfRUPLVW). TKLV cUeaWeV aQRWKeU aYeQXe Rf fXWXUe
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e[SORUaWLRQ ZLWK WKLV PRdeO²WKe effecWV Rf cRJQLWLYe dLVVRQaQce. TKLV RbVeUYaWLRQ aOVR SURPSWV

WKe TXeVWLRQ, dR VRcLaO QeWZRUNV cKaQJe WR accRPPRdaWe a cRXQWeULQWXLWLYe UeVSRQVe WR RSSRVLQJ

LQfRUPaWLRQ? AUe WKRVe ZKR e[KLbLW WKLV RbVWLQaWe UeVSRQVe WR cRQfOLcWLQJ LQfRUPaWLRQ PRUe RU

OeVV OLNeO\ WR WR XVe KRPRSKLO\ ZKeQ cKRRVLQJ VRcLaO cRQWacWV RU WR KaYe VRcLaO QeWZRUNV Rf

SaUWLcXOaU cKaUacWeULVWLcV, fRU e[aPSOe LQ UeJaUdV WR VL]e RU dLVWULbXWLRQ Rf beOLefV?

FLQaOO\, WKLV ZRUN SURPSWV VRPe OaUJeU TXeVWLRQV abRXW KeaOWK decLVLRQV. IQ SaUWLcXOaU,

ZKeQ dReV a YaccLQe ceaVe WR be QRYeO? DReV LWV QRYeOW\ deSeQd RQ KXPaQ cRQVeQVXV,

cKURQRORJLcaO WLPe WKaW KaV SaVVed VLQce WKe LQWURdXcWLRQ Rf WKe YaccLQe, RU VWabLOLW\ Rf YaccLQe

adRSWLRQ? SLQce YaccLQaWLRQ beOLefV aQd beKaYLRUV Pa\ dLffeU beWZeeQ eVWabOLVKed aQd QRYeO

YaccLQeV, NQRZLQJ WKLV SRLQW Rf WUaQVLWLRQ LV LPSRUWaQW WR accXUaWeO\ PRdeOLQJ YaccLQe XSWaNe.

OYeUaOO, Ze SUedLcW cRPSOe[ VKRUW-WeUP eYROXWLRQaU\ d\QaPLcV ZKeQ a QRYeO YaccLQe LV

LQWURdXced WR a SRSXOaWLRQ; WKeVe d\QaPLcV caQ be affecWed b\ WKe cXOWXUaO WUaQVPLVVLRQ Rf LdeaV

beWZeeQ cRQQecWed LQdLYLdXaOV aQd fURP cXOWXUaO LQfOXeQceUV e[WeUQaO WR WKe SRSXOaWLRQ, bXW,

LPSRUWaQWO\, WKe\ aUe PeaQLQJfXOO\ affecWed b\ WKe decLVLRQ-PaNLQJ bLaVeV Rf LQdLYLdXaOV

WKePVeOYeV.
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CHAPTER 5. DISCUSSION

MaWKePaWLcaO PRdeOV aUe eVVeQWLaO WRROV LQ WKe SXbOLc KeaOWK WRRONLW. HLVWRULcaOO\,

eSLdePLRORJLcaO PaWKePaWLcaO PRdeOV KaYe SULPaULO\ fRcXVed RQ WKe WUaQVPLVVLRQ Rf LQfecWLRXV

aJeQWV, WKRXJK PRUe UeceQWO\ WKe LPSRUWaQce Rf LQdLYLdXaO beKaYLRUV LQ SUedLcWLQJ

SRSXOaWLRQ-OeYeO ePeUJeQW WUeQdV KaV becRPe LQcUeaVLQJO\ VaOLeQW (PeUUa eW aO. 2011; A]L]L eW aO.

2022). TKeUe LV, KRZeYeU, VWLOO a Qeed fRU XQdeUVWaQdLQJ WKe cXOWXUaO cRQWe[WV dULYLQJ cKaQJeV LQ

beKaYLRUV RYeU WLPe aQd WKe Sace Rf WKeVe cXOWXUaO eYROXWLRQaU\ cKaQJeV, bRWK RQ aQ LQdLYLdXaO

aQd SRSXOaWLRQ VcaOe.

M\ dLVVeUWaWLRQ ZRUN VRXJKW WR e[SaQd WKe SRRO Rf PaWKePaWLcaO PRdeOV UeOaWed WR SXbOLc

KeaOWK, SaUWLcXOaUO\ PRdeOV WKaW LQcRUSRUaWe KXPaQ beKaYLRUV, b\ LQWeJUaWLQJ WKePeV aQd

WecKQLTXeV fURP WKe fLeOd Rf cXOWXUaO eYROXWLRQ. WKeUeaV beKaYLRU-cKaQJe PRdeOV JeQeUaOO\

e[aPLQe cKaQJeV LQ beKaYLRU ZLWKLQ a SRSXOaWLRQ, cXOWXUaO eYROXWLRQaU\ WKeRU\ aOORZV beKaYLRUV

WR be WUacNed RYeU PXOWLSOe JeQeUaWLRQV, ZKLcK LV SaUWLcXOaUO\ XVefXO ZKeQ e[aPLQLQJ dLVeaVeV

WKaW caQ be SUeYeQWed b\ cKLOdKRRd YaccLQeV aQd WKXV LQYROYe LQWeU-JeQeUaWLRQaO LQWeUacWLRQV.

AOVR, WKe fUaPeZRUNV cRPPRQO\ ePSOR\ed b\ e[LVWLQJ PRdeOV RfWeQ aVVXPe SRSXOaWLRQ

KRPRJeQeLW\ aQd UaWLRQaO decLVLRQ PaNLQJ, ZKLcK LQaccXUaWeO\ cKaUacWeUL]e beKaYLRUaO aQd beOLef

d\QaPLcV WKaW RccXU dXULQJ WLPeV Rf XQceUWaLQW\ RU ZKeQ LQdLYLdXaOV aUe faced ZLWK XQYeWWed

LQfRUPaWLRQ. CRPbLQLQJ cXOWXUaO eYROXWLRQaU\ cRQVLdeUaWLRQV ZLWK aJeQW-baVed PRdeOLQJ

aSSURacKeV cRXOd beWWeU caSWXUe WKLV VWRcKaVWLcLW\. UVLQJ bRWK a dLVcUeWe-WLPe deWeUPLQLVWLc

fUaPeZRUN aQd aJeQW-baVed PRdeOLQJ WecKQLTXeV, I PaSSed YaccLQe cRQfLdeQce aQd YaccLQaWLRQ

fUeTXeQcLeV XQdeU YaULRXV cLUcXPVWaQceV aQd cRQVLdeUaWLRQV LQcOXdLQJ WKe effecWV Rf

LQWeUJeQeUaWLRQaO (YeUWLcaO) aQd e[WUa-SaUeQWaO (RbOLTXe) WUaQVPLVVLRQ (Chapter 2 aQd Chapter

3), YaccLQaWLRQ PaQdaWeV aQd YaccLQe LQacceVVLbLOLW\ (Chapter 3), KRPRSKLO\ aQd VRcLaO QeWZRUN

LQfOXeQceV (Chapters 2±Chapter 4), SeUceSWLRQ Rf dLVeaVe ULVN aQd YaccLQaWLRQ beQefLW (Chapter

2 aQd Chapter 3), aQd decLVLRQ-PaNLQJ bLaVeV (Chapter 4). IQ Chapter 2 aQd Chapter 3, I

fRcXV RQ cKLOdKRRd YaccLQaWLRQ SUacWLceV , WKeQ VKLfW fRcXV WR VeOf-YaccLQaWLRQ ZLWK a QRYeO

YaccLQe LQ Chapter 4.

M\ ZRUN UeYeaOV WKaW SaUeQWaO WUaQVPLVVLRQ Rf YaccLQe cRQfLdeQce dULYeV YaccLQaWLRQ LQ

OaWeU JeQeUaWLRQV, aQd SUefeUeQWLaO PaWe-cKRLce (KRPRSKLO\) caQ VKLfW SRSXOaWLRQ fUeTXeQcLeV Rf

YaccLQe cRQfLdeQce aQd YaccLQaWLRQ cRYeUaJe WRZaUdV RQe e[WUePe RU WKe RWKeU. CXOWXUaO
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VeOecWLRQ (WKe RYeUaOO deYLaWLRQ fURP WKe e[SecWed OeYeO Rf YaccLQaWLRQ ZKLcK caQ be OLQNed WR WKe

SXbOLc SeUceSWLRQ Rf WKe YaccLQe) LV LPSRUWaQW fRU cRPbaWWLQJ WKe effecWV Rf KLJK YaccLQe-KeVLWaQW

KRPRSKLO\. I ZaV abOe WR PRdeO VceQaULRV WKaW UeVXOWed LQ LQWXLWLYeO\ ³cRQfOLcWLQJ´ RXWcRPeV:

eQYLURQPeQWV ZLWK YaccLQe PaQdaWeV cRXOd SURdXce KLJK YaccLQaWLRQ cRYeUaJe ZLWK ORZeU

cRQfLdeQce fUeTXeQcLeV, ZKLOe eQYLURQPeQWV ZLWK YaccLQe LQacceVVLbLOLW\ cRXOd SURdXce ORZeU

YaccLQaWLRQ cRYeUaJe deVSLWe KLJKeU cRQfLdeQce fUeTXeQcLeV. FLQaOO\, P\ PRdeO Rf QRYeO YaccLQe

adRSWLRQ UeYeaOV WKaW KeWeURJeQeLW\ Rf decLVLRQ-PaNLQJ bLaVeV LQ a SRSXOaWLRQ caQ dLffeUeQWLaOO\

affecW bRWK YaccLQe cRQfLdeQce aQd YaccLQaWLRQ fUeTXeQcLeV.

AV ZLWK aQ\ PRdeO, Ze caQQRW fXOO\ caSWXUe WKe cRPSOe[ LQWeUacWLRQV beWZeeQ beOLefV,

beKaYLRUV, aQd WKe eQYLURQPeQW WKaW VKaSe WKe SXbOLc KeaOWK OaQdVcaSe. TKeUefRUe, WKe PRdeOV

SUeVeQWed KeUe KaYe WKe QeceVVaU\ caYeaW Rf RYeUVLPSOLfLcaWLRQ. SLPSOe PRdeOV, KRZeYeU, aUe a

JRRd VWaUWLQJ SRLQW WR KeOS UeVeaUcKeUV cOaULf\ aQd WeVW aVVXPSWLRQV abRXW a cRPSOe[ V\VWeP,

LQcOXdLQJ WKe effecWV Rf UeSUeVeQWLQJ VLPLOaU VceQaULRV LQ PXOWLSOe Za\V (TedeVcKL 2006). IQdeed,

b\ PRdeOLQJ PXOWLSOe LQWeUacWLQJ cXOWXUaO SURceVVeV, RXU PRdeO KaV WKe fOe[LbLOLW\ WR e[SORUe WKe

effecWV Rf aOWeULQJ WUaLW d\QaPLcV WKURXJK YaULRXV PecKaQLVPV. FRU e[aPSOe, LQ Chapter 3, I

PRdXOaWed SaUaPeWeUV WKaW aOORZed SaUeQWaO beOLefV WR LQfOXeQce beKaYLRUV WR VLPXOaWe e[WeUQaO

fRUceV affecWLQJ YaccLQaWLRQ beKaYLRUV, fRcXVLQJ RQ YaccLQe e[ePSWLRQ-VeeNLQJ beKaYLRU aQd

SaUeQWaO PRWLYaWLRQ WR RYeUcRPe baUULeUV WR YaccLQaWLRQ; P\ UaWLRQaOe ZaV WKaW SaUeQWV¶ beOLefV

ZRXOd KaYe OeVV LQfOXeQce RYeU WKeLU beKaYLRUV ZKeQ e[WeUQaO fRUceV Pade YaccLQeV OeVV

acceVVLbOe RU PRUe cRPSXOVRU\. HRZeYeU, Lf I ZeUe WR LQWeUSUeW, fRU e[aPSOe, baUULeUV WR

YaccLQaWLRQ aV addLQJ a JUeaWeU cRVW WR RbWaLQLQJ a YaccLQe (KLJKeU cXOWXUaO VeOecWLRQ aJaLQVW

YaccLQaWLRQ, ZKLcK ZRXOd UeVXOW LQ feZeU LQdLYLdXaOV YaccLQaWed WKaQ e[SecWed), I cRXOd aOVR

PRdXOaWe WKe cXOWXUaO VeOecWLRQ SaUaPeWeU WR PRdeO WKe LQcUeaVLQJ RU decUeaVLQJ baUULeUV WR

YaccLQaWLRQV. BRWK ZRXOd UeVXOW LQ a UedXcWLRQ LQ YaccLQaWLRQ cRYeUaJe, bXW YLa dLffeUeQW PeaQV.

BeLQJ abOe WR PRdeO WKeVe dLffeUeQWLaO effecWV LV LPSRUWaQW eVSecLaOO\ LQ deVLJQLQJ LQWeUYeQWLRQ

VWUaWeJLeV ZKLcK caQ YaU\ baVed RQ WaUJeW SRSXOaWLRQ RU KeaOWKcaUe LQWeUYeQWLRQ.

TKe PRdeOV SUeVeQWed KeUe SURYLde a XQLTXe Za\ Rf YLeZLQJ YaccLQe beOLef-beKaYLRU

LQWeUacWLRQV. CXOWXUaO eYROXWLRQaU\ WKeRU\ aOORZV XV WR WUeaW cXOWXUaO WUaLWV aV KeULWabOe, aQd WKe

QLcKe cRQVWUXcWLRQ fUaPeZRUN SURYLdeV aQ aYeQXe WR e[SORUe KRZ RQe cXOWXUaO WUaLW aQd aQRWKeU

WKaW affecWV LWV WUaQVPLVVLRQ aUe SURSaJaWed LQ a SRSXOaWLRQ. TKe fUaPeZRUNV RQ ZKLcK WKeVe

PRdeOV aUe baVed aUe JeQeUaOL]abOe, LQ WKaW WKe\ caQ be XVed WR PRdeO a YaULeW\ Rf cLUcXPVWaQceV.
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TKe PRdeO SUeVeQWed LQ Chapter 2 aQd Chapter 3 caQ be UeadLO\ aSSOLed WR VceQaULRV LQ ZKLcK

WKe effecWV Rf a SaUeQWaO beKaYLRU aUe ORQJ-OaVWLQJ aQd SRWeQWLaOO\ LQfOXeQced b\ beOLefV. FRU

e[aPSOe, RWKeU aVSecWV Rf cKLOdUeaULQJ VXcK aV fRUPXOa feedLQJ, VOeeS WUaLQLQJ, cLUcXPcLVLRQ,

aWWacKPeQW SaUeQWLQJ, aQd KRPeVcKRROLQJ cRXOd SURYLde addLWLRQaO aYeQXeV Rf e[SORUaWLRQ ZLWK

WKLV W\Se Rf PRdeO. LLNe YaccLQaWLRQ, WKeVe decLVLRQV ePSOR\ aQ aVVeVVPeQW Rf VRcLaO, cXOWXUaO,

aQd ecRQRPLc cRVWV aQd beQefLWV, bRWK WR SaUeQWV aQd RffVSULQJ. IQ WKe PRdeO dLVcXVVed LQ

Chapter 4, I cRQVLdeU, e[SOLcLWO\, WKe LQWeUSOa\ Rf LQdLYLdXaO decLVLRQ-PaNLQJ bLaVeV aQd e[WeUQaO

LQfOXeQceV. TKLV PRdeO LV bURadO\ aSSOLcabOe WR WKe XSWaNe aQd acceSWaQce Rf QRYeO KeaOWKcaUe

WecKQRORJLeV RU KeaOWKcaUe VWUaWeJLeV. MRdeOV OLNe WKeVe aUe LPSRUWaQW WR WKe adYaQcePeQW Rf

SXbOLc KeaOWK, eVSecLaOO\ LQ aQ aJe LQ ZKLcK WecKQRORJ\ aQd KXPaQ LQWeUacWLRQV aUe TXLcNO\

eYROYLQJ.

TKRXJK QRW dLUecWO\ WUaQVOaWabOe WR e[acW XQLWV Rf WLPe, eacK PRdeO e[aPLQeV d\QaPLcV

RYeU YaU\LQJ dXUaWLRQV. TKe fLUVW PRdeO VWUXcWXUe (dLVcXVVed LQ Chapters 2 aQd Chapter 3)

e[aPLQeV ORQJ-WeUP aQd LQWeU-JeQeUaWLRQaO d\QaPLcV. TKLV PRdeO cRYeUV PaWe SaLULQJ,

UeSURdXcWLRQ, aQd UeaVVeVVLQJ RQe¶V RZQ beOLefV dXULQJ adXOWKRRd, ZKeUe RQe LWeUaWLRQ cRXOd be

LQWeUSUeWed aV a JeQeUaWLRQ, WKRXJK WKLV LQWeUSUeWaWLRQ LV VRPeZKaW cRPSOLcaWed b\ WKe

QRQ-RYeUOaSSLQJ JeQeUaWLRQV LQ WKe PRdeO cRPSaUed WR RYeUOaSSLQJ JeQeUaWLRQV LQ KXPaQ

SRSXOaWLRQV. TKLV W\Se Rf LQWeUJeQeUaWLRQaO PRdeO LV XVefXO LQ XQdeUVWaQdLQJ bURadO\ KRZ, fRU

e[aPSOe, SUeVeQW cRQdLWLRQV PLJKW VKaSe WKe fXWXUe, RU KRZ JURXS cKaUacWeULVWLcV cKaQJe RU

PaLQWaLQ a cXOWXUaO eQYLURQPeQW. TKe VecRQd PRdeO (dLVcXVVed LQ Chapter 4), e[aPLQeV WKe

effecWV Rf VKRUW-WeUP beOLef aQd beKaYLRU d\QaPLcV ZLWKLQ a VLQJOe LQWeUcRQQecWed SRSXOaWLRQ.

MXOWLSOe ZLWKLQ-JeQeUaWLRQ eYeQWV aUe cRQVLdeUed LQ WKe VecRQd PRdeO²dLVeaVe WUaQVPLVVLRQ aQd

UecRYeU\, VRcLaO UeVWUXcWXULQJ, aQd UaSLd decLVLRQ-PaNLQJ, ZKLcK Pa\ RccXU RQ a VcaOe fURP da\V

WR PRQWKV. TKLV W\Se Rf aJeQW-baVed PRdeO LV XVefXO fRU XQdeUVWaQdLQJ ePeUJeQW eYeQWV, aQd

TXLcNO\ LdeQWLf\LQJ SRLQWV Rf LQWeUYeQWLRQ fRU beKaYLRU PRdLfLcaWLRQ LQ a KeWeURJeQeRXV

SRSXOaWLRQ. TKeVe PRdeOV aQd WKeLU fRcL aUe beVW cRQVLdeUed MRLQWO\, aV VKRUW-WeUP d\QaPLcV aQd

LQdLYLdXaO beKaYLRUV VKaSe WKe SUeVeQW OaQdVcaSe fURP ZKLcK fXWXUe d\QaPLcV caQ be LQfeUUed.

M\ PRdeO deVcULbLQJ ORQJ-WeUP d\QaPLcV (Chapter 2 aQd Chapter 3) LQcOXdeV a

cRPPXQLW\-LQfOXeQce VWaJe LQ ZKLcK WKe beOLefV Rf adXOW RffVSULQJ Pa\ cKaQJe. TKLV

beOLef-WUaQVLWLRQ VWaJe LV PRUe deWaLOed LQ WKe VKRUW-WeUP PRdeO (Chapter 4), ZKLcK RXWOLQeV

e[SOLcLWO\ YaULRXV facWRUV WKaW cRXOd SOa\ a UROe LQ WKLV SURceVV. TKeUe LV SRWeQWLaO LQ QeVWLQJ WKeVe
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PRdeOV WR e[aPLQe, SeUKaSV, KRZ VeOf-YaccLQaWLRQ SUacWLceV LQ adXOWKRRd PLJKW affecW SaUeQWaO

cKLOdKRRd YaccLQaWLRQ beKaYLRU.

SLQce PRdeOV UeSUeVeQW a dLVWLOOaWLRQ Rf cRPSOe[ SURceVVeV, WKe UeSUeVeQWaWLRQ Rf

SRSXOaWLRQ KeWeURJeQeLW\ LQ WKeVe PRdeOV LV b\ QeceVVLW\ VLPSOLfLed. ReaO SRSXOaWLRQV cRQWaLQ a

QXPbeU Rf LQWeUacWLQJ VXbSRSXOaWLRQV, eacK ZLWK YaU\LQJ cKaUacWeULVWLcV WKaW Pa\ dLffeUeQWLaOO\

affecW KeaOWKcaUe SeUceSWLRQV aQd dLVeaVe WUaQVPLVVLRQ (DePRQJeRW eW aO. 2022; G. Webb 2021;

ReOXJa 2009; TKRPSVRQ aQd DXLQWMeU TebbeQV 2017). DePRJUaSKLc facWRUV VKRZQ WR LPSacW

YaccLQaWLRQ LQcOXde aJe aQd JeQdeU (Babad eW aO. 1995; BKaWWacKaU\\a aQd FeUUaUL 2017;

EdPXQdV eW aO. 2000; FeUUaUL, GUeQfeOO, aQd SWUebeO 2013; Ga\ eW aO. 1995; PUada eW aO. 2017;

TUeQWLQL eW aO. 2017; MaJSaQWa\, KLQJ, aQd RRKaQL 2019; ZLQWeO eW aO. 2022; HebeUW eW aO. 2005;

MRPSOaLVLU eW aO. 2021). TKe effecW Rf aJe RQ SUeYeQWaWLYe KeaOWK beKaYLRUV, LQcOXdLQJ

YaccLQaWLRQ, LV PXOWLfaceWed aV LW Pa\ be aVVRcLaWed ZLWK dLffeUeQceV LQ adKeUeQce WR WUadLWLRQ,

YaOXeV, RU VXbMecWLYe VRcLaO VWaWXV; ZLWK dLffeUeQWLaO ULVN Rf VeYeUe dLVeaVe, ZKLcK Pa\ affecW WKe

SeUceLYed YaccLQaWLRQ YaOXe; ZLWK ULVN aYeUVLRQ, ZKLcK cRXOd affecW e[SRVXUe WR LQfecWLRQ; aQd

ZLWK KRPRSKLO\, ZKLcK affecWV LQfRUPaWLRQ VRXUce aQd beOLef PXWabLOLW\ (DeeNV eW aO. 2009;

RROLVRQ eW aO. 2013; LLP eW aO. 2019; APaULe eW aO. 2020; FeUULQL, EdeOVWeLQ, aQd BaUUeWWcRQQRU

1994; BXUbaQN, PadXOa, aQd NLJJ 2013). OQe KaOOPaUN Rf YaccLQaWLRQ cXOWXUe LV e[SeULeQce Rf WKe

YaccLQe-SUeYeQWabOe dLVeaVe (DXbp eW aO. 2013). MXOWLSOe VWXdLeV KaYe UeSRUWed LQcUeaVed YaccLQe

KeVLWaQc\ LQ \RXQJeU aJe JURXSV (e.J. aJe 18-24) (KKaQ, WaWaQaSRQJYaQLcK, aQd KadR\a 2021;

La]aUXV eW aO. 2021). TRda\'V ROdeU JeQeUaWLRQV Pa\ KaYe e[SeULeQced eSLdePLcV aQd SaQdePLcV

WKaW \RXQJeU JeQeUaWLRQV KaYe QRW; fRU e[aPSOe, WKe SROLR YaccLQe ZaV UeOeaVed LQ 1955, VeULRXV

LQfOXeQ]a SaQdePLcV RccXUUed LQ 1957 aQd 1968, aQd VPaOOSR[ ZaV eUadLcaWed LQ 1980 (Ka\VeU

aQd RaP]aQ 2021; J. SaON aQd SaON 1977). TKXV, LW LV SOaXVLbOe WKaW WKeVe aJe JURXSV PLJKW

SeUceLYe WKe ULVNV Rf a cXUUeQW SaQdePLc dLffeUeQWO\, WKXV OeadLQJ WR dLffeUeQWLaO beKaYLRUV.

TKRXJK QRW WeVWed LQ WKLV ZRUN, WKe fLUVW PRdeO (Chapter 2 aQd Chapter 3) KaV WKe

bXLOW-LQ caSacLW\ WR accRXQW fRU JeQdeU-bLaVed WUaQVPLVVLRQ. TKe UeVXOWV SUeVeQWed LQ WKLV WKeVLV

XVe WUaQVPLVVLRQ SaUaPeWeU VeWWLQJV WKaW dR QRW dLVWLQJXLVK beWZeeQ SaUeQWV, WKXV PaNLQJ WKe

aVVXPSWLRQ WKaW WKeUe LV QR dLffeUeQce LQ cXOWXUaO WUaQVPLVVLRQ beWZeeQ PRWKeU aQd faWKeU, ZKLcK

LV LQ OLQe ZLWK a VXUYe\-baVed VWXd\ LQ IWaO\ WKaW fRXQd PRVW SaUeQWV (a80%) UeSRUWed cRQWULbXWLQJ

eTXaOO\ ZKeQ decLdLQJ ZKeWKeU WR YaccLQaWe WKeLU cKLOd (BeUWRQceOOR eW aO. 2020). HRZeYeU, a

VWXd\ WKaW PRUe dLUecWO\ cRQVLdeUed SaUeQWaO aWWLWXdeV cRQcOXded WKaW ³PRWKeUV¶, bXW QRW faWKeUV¶,
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YaccLQe cRQfLdeQce SUedLcWed cKLOdUeQ¶V YaccLQaWLRQ VWaWXV´ (Lee, OYeUaOO, aQd SLbOe\ 2020),

ZKLcK Ze cRXOd UeadLO\ UeSUeVeQW LQ RXU PRdeO b\ UeOa[LQJ WKe aVVXPSWLRQ WKaW c1 = c2 (Chapter

2). IQ WKe aJeQW-baVed PRdeO, I ZRXOd accRXQW fRU WKe effecWV Rf JeQdeU aQd aJe RQ

VeOf-YaccLQaWLRQ b\ aVVLJQLQJ WKeVe cKaUacWeULVWLcV WR eacK aJeQW, aQd KaYLQJ WKeP affecW YaccLQe

adRSWLRQ SURbabLOLWLeV. IQcRQVLVWeQcLeV e[LVW aPRQJ ePSLULcaO VeOf-YaccLQaWLRQ VWXdLeV aV ZeOO,

ZLWK YaULRXV VWXdLeV UeSRUWLQJ WKaW ZRPeQ ZeUe PRUe UeOXcWaQW WR JeW WKe COVID-19 YaccLQe

WKaQ PeQ, WKaW PeQ ZeUe PRUe UeOXcWaQW WKaQ ZRPeQ, aQd WKaW bRWK PeQ aQd ZRPeQ Kad VLPLOaU

SURbabLOLWLeV Rf adRSWLQJ RU UeMecWLQJ WKe YaccLQe (La]aUXV eW aO. 2021; NeU\ eW aO. 2022; MRRUe eW

aO. 2021; WX eW aO. 2021; TURLaQR aQd NaUdL 2021; ZLQWeO eW aO. 2022; RRbeUWVRQ eW aO. 2021).

SLPLOaU LQcRQVLVWeQcLeV LQ JeQdeU-bLaVed YaccLQe KeVLWaQc\ KaYe beeQ UeSRUWed fRU LQfOXeQ]a

(ORZeU XSWaNe LQ ZRPeQ (JLPpQe]-GaUcta eW aO. 2010) YV. KLJKeU XSWaNe LQ ZRPeQ (ASSOeZKLWe eW

aO. 2020)).

WKLOe UeSUeVeQWLQJ dLffeUeQW SURbabLOLWLeV Rf cXOWXUaO WUaQVPLVVLRQ fURP PRWKeUV aQd

faWKeUV LV VWUaLJKWfRUZaUd WR LPSOePeQW LQ a cXOWXUaO QLcKe cRQVWUXcWLRQ PRdeO, WKLV PRdeO LV TXLWe

OLPLWed LQ WKe W\SeV Rf faPLO\ VWUXcWXUeV WKaW caQ be UeSUeVeQWed. GLYeQ LWV baVLV LQ WKeRUeWLcaO

SRSXOaWLRQ JeQeWLcV, VWUXcWXUeV ZLWK WZR SULPaU\ SaUeQWV (RU SaUeQWaO decLVLRQ-PaNeUV) caQ be

eaVLO\ UeSUeVeQWed, ZKeUeaV UeSUeVeQWLQJ VLQJOe SaUeQW-KRXVeKROdV (KRXVeKROd ZLWK a VLQJOe

SaUeQWaO decLVLRQ-PaNeU) Pa\ PeaQ UePRYLQJ SaUaPeWeUV XQLTXe WR WKLV W\Se Rf PRdeO (e.J

aVVRUWaWLYe PaWLQJ fUeTXeQcLeV), RU VSecLf\LQJ WUaQVPLVVLRQ SURbabLOLWLeV fRU VLQJOe SKeQRW\SeV aV

ZeOO aV SaLUed SKeQRW\SeV. TKRXJK Ze accRXQW fRU WKe effecWV Rf RbOLTXe LQfOXeQceV

(e[WUa-SaUeQWaO) RQ aWWLWXde WUaQVLWLRQ LQ adXOWKRRd, Ze dLd QRW e[SOLcLWO\ accRXQW fRU RbOLTXe

LQfOXeQceV LQ WKe KRXVeKROd RU RbOLTXe LQfOXeQceV RQ SULPaU\ SaUeQW decLVLRQV, fRU e[aPSOe WKRVe

WKaW ZRXOd e[LVW ZLWKLQ PXOWLJeQeUaWLRQaO RU KRXVeKROdV RU faPLOLeV ZLWK PRUe WKaQ WZR SaUeQWaO

fLJXUeV. MRdeOLQJ WKLV d\QaPLc, KRZeYeU, cRXOd be dRQe VLPLOaUO\ WR P\ VecRQd PRdeO, LQ ZKLcK

aQ LQdLYLdXaO¶V cXOWXUaO LQfOXeQceV ZeUe VSaWLaOO\ VWUXcWXUed LQVWead Rf JeQeUaWLRQaOO\ VWUXcWXUed,

b\ addLQJ a fXQcWLRQ WKaW VcaOeV YaccLQaWLRQ SURbabLOLW\ baVed RQ WKe cKaUacWeULVWLcV Rf

LQfOXeQcLQJ cRQWacWV, VXcK aV WKeLU aWWLWXdeV aQd KRZ PXcK LQfOXeQce WKe\ KaYe RQ WKe aJeQW.

CXOWXUaO WUaQVPLVVLRQ SURbabLOLWLeV, WUaQVLWLRQ SURbabLOLWLeV, aQd bLaV dLVWULbXWLRQ LQ a

SRSXOaWLRQ, ZeUe LQfRUPed XVLQJ ePSLULcaO daWa ZKeQeYeU SRVVLbOe. HRZeYeU, PXcK Rf WKeVe

UeaO-ZRUOd daWa ZeUe OLPLWed, aQd WKXV RXU PRdeOV aUe SULPaULO\ baVed RQ WKeRUeWLcaO

aVVXPSWLRQV. IQ WKe fLUVW PRdeO, Ze WUeaW YaccLQaWLRQ aQd YaccLQe aWWLWXde VLPLOaUO\ WR JeQeWLcaOO\
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LQKeULWed WUaLWV; KRZeYeU, XQOLNe JeQeWLc WUaLWV, ZKLcK KaYe SUedLcWabOe UaWeV Rf WUaQVPLVVLRQ,

cXOWXUaO WUaLWV caQ deYLaWe fURP MeQdeOLaQ-OLNe SUedLcWLRQV Rf LQKeULWaQce. FRU e[aPSOe, LW LV

SRVVLbOe fRU RffVSULQJ WR be PRUe OLNeO\ WR UeMecW a cXOWXUaO WUaLW Lf bRWK SaUeQWV SRVVeVV LW²a fRUP

Rf LQWeUJeQeUaWLRQaO ³UebeOOLRQ´ (FeOdPaQ aQd CaYaOOL-SfRU]a 1976). SSecLfLcaOO\ fRU WKe VecRQd

PRdeO, LW LV dLffLcXOW WR SaUaPeWeUL]e WKe decLVLRQ-PaNLQJ bLaVeV Rf a SRSXOaWLRQ baVed RQ

UeaO-ZRUOd daWa VLQce LW LV cKaOOeQJLQJ WR LdeQWLf\ aQd WKXV TXaQWLf\ WKeVe decLVLRQ-PaNLQJ bLaVeV.

IQ UeaO e[aPSOeV Rf cXOWXUaO WUaLWV, decLVLRQ-PaNLQJ bLaVeV WKaW LQfOXeQce WKe adRSWLRQ Rf a WUaLW

aUe OLNeO\ WR dLffeU baVed RQ WKe W\Se Rf WUaLW beLQJ VWXdLed (AceUbL aQd BeQWOe\ 2014). FXUWKeU,

VRPe beOLefV, beKaYLRUV, aQd dLVSRVLWLRQV KaYe YaU\LQJ UaWeV Rf cKaQJe deSeQdLQJ RQ WKe

SeUceLYed beQefLW SURYLded WR eacK LQdLYLdXaO ZLWKLQ a VSecLfLc eQYLURQPeQW. FRU e[aPSOe,

UeOLJLRXV beOLefV PLJKW SURYLde beQefLWV WR VRPe becaXVe Rf WKe VWUeVV UeOLef aQd VRcLaO acceSWaQce

WKeVe beOLefV SURYLde (SKaURW eW aO. 2023; CKaUOeVZRUWK aQd BaQaML 2022; KaKQePaQ, SORYLc, aQd

TYeUVN\ 1982). AOVR, UeOLJLRXV beOLefV PLJKW be PRUe OLNeO\ WR VKRZ cRQfRUPLVW-bLaVed cXOWXUaO

WUaQVPLVVLRQ WKaQ, Va\, faVKLRQ decLVLRQV (AceUbL, GKLUOaQda, aQd EQTXLVW 2012)Ke 2019

SARV-CRY-2 SaQdePLc VSaUNed UeQeZed LQWeUeVW LQ YaccLQe KeVLWaQc\, aQd YaccLQaWLRQ daWa

cROOecWLRQ KaV beJXQ WR LQcOXde YaULRXV SV\cKRVRcLaO cRPSRQeQWV, fRU e[aPSOe WKe effecW Rf

VRcLaO LQfOXeQceV, PeaVXUePeQWV Rf WKe UaWeV aW ZKLcK LQdLYLdXaOV cKaQJe WKeLU PLQdV, aQd

YaccLQaWLRQ LQWeQWLRQ (MeQJ eW aO. 2023; PeUULQ 2020). AV WKeVe daWaVeWV becRPe aYaLOabOe, WKe

cRPSLOed SV\cKRVRcLaO LQfRUPaWLRQ ZRXOd be XVefXO WR PRUe accXUaWeO\ fLW WUaQVLWLRQ SURbabLOLW\

fXQcWLRQV aQd VeW WUaQVPLVVLRQ SaUaPeWeU YaOXeV fRU bRWK PRdeOV.

IQ cRQcOXVLRQ, WKe UeOaWLRQVKLS beWZeeQ KXPaQ KeaOWK-UeOaWed beOLefV aQd beKaYLRUV LV

cRPSOe[ aQd PRdXOaWed b\ YaULRXV LQWeUQaO aQd e[WeUQaO LQfOXeQceV. CXOWXUaO eYROXWLRQ

WecKQLTXeV aQd cRQVLdeUaWLRQV aVVLVW XV LQ JaLQLQJ JUeaWeU LQVLJKW LQWR WKeVe cRPSOe[LWLeV.

IPSURYLQJ aQd VecXULQJ SXbOLc KeaOWK UeOLeV RQ acNQRZOedJLQJ ZKaW Ze caQ aQd caQQRW cKaQJe LQ

UeJaUdV WR KXPaQ beKaYLRU aQd UeaVRQLQJ, XQdeUVWaQdLQJ KRZ WKe WKLQJV WKaW can cKaQJe acWXaOO\

do cKaQJe RYeU WLPe, aQd NQRZLQJ KRZ WR ZRUN ZLWKLQ WKRVe cRQfLQeV. TKe ZRUN SUeVeQWed KeUe

VKRXOd LQfOXeQce fXWXUe PRdeOV WR LQcRUSRUaWe cKaQJeV LQ beKaYLRUV aORQJVLde eSLdePLRORJLcaO

SURceVVeV WR beWWeU XQdeUVWaQd aQd LPSURYe SXbOLc KeaOWK.
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APPENDIX

SXSSOePeQWaU\ Te[W

Te[t S2.1: RecXrsions for Vaccine Niche ConstrXction
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Te[t S3.1: Detailed Methods

HeUe, Ze e[SaQd RQ WKe PRdeO SURSRVed LQ CKaSWeU 2. We cRQVLdeU WZR cXOWXUaO WUaLWV: a

YaccLQaWLRQ WUaLW (V), aQd a YaccLQe aWWLWXde WUaLW (A). EacK LQdLYLdXaO caQ WaNe RQe Rf WZR

SRVVLbOe VWaWeV fRU eacK WUaLW, V+ (YaccLQaWed) RU Ví (XQYaccLQaWed) aQd A+ (YaccLQe cRQfLdeQW) RU

Aí (YaccLQe KeVLWaQW), UeVSecWLYeO\. TKLV UeVXOWV LQ fRXU SRVVLbOe SKeQRW\SeV: V+A+ (W\Se 1:

YaccLQaWed aQd cRQfLdeQW), V+Aí (W\Se 2: YaccLQaWed aQd KeVLWaQW), VíA+ (W\Se 3: XQYaccLQaWed

aQd cRQfLdeQW), aQd VíAí (W\Se 4: XQYaccLQaWed aQd KeVLWaQW), ZKRVe fUeTXeQcLeV LQ WKe

SRSXOaWLRQ aUe deQRWed b\ [1, [2, [3, aQd [4, UeVSecWLYeO\, ZLWK . (See Table 2.2 fRU
𝑖1ࡦ

4

∑ ՠ
𝑖

ࡦ 1

VXbVcULSW aVVLJQPeQWV).

TKe fRXU SKeQRW\SeV deVcULbed SURdXce VL[WeeQ SRVVLbOe PaWLQJ SaLUV. TKe PaWLQJ

fUeTXeQc\, mi,j LQdLcaWeV WKe fUeTXeQc\ Rf a PaWLQJ beWZeeQ a SaUeQW Rf W\Se i aQd WKe VecRQd

SaUeQW Rf W\Se j ZKeUe i, j௘=௘^1, 2, 3, 4` (Table 2.2); fRU e[aPSOe, m1,3 UeSUeVeQWV WKe PaWLQJ

fUeTXeQc\ Rf V+A+ ([1) aQd VíA+ ([3). IQ WKLV PaQXVcULSW, Ze aVVXPe UaQdRP PaWLQJ, WKeUefRUe

LQdLYLdXaOV Rf dLffeUeQW SKeQRW\SeV PaWe ZLWK RQe aQRWKeU aW a UaWe eTXaO WR WKe SURdXcW Rf WKeLU

fUeTXeQcLeV.

SLQce WKe WZR WUaLWV (A aQd V) aUe WUaQVPLWWed YeUWLcaOO\, fRU eacK SKeQRW\Se Ze VSecLf\ WKe

SURbabLOLW\ WKaW WKe PaWLQJ SURdXceV aQ RffVSULQJ Rf SKeQRW\Se (V+A+). TKe YaccLQe cRQfLdeQce

WUaLW (A+) LV WUaQVPLWWed ZLWK SURbabLOLW\ Cn, aQd WKe YaccLQe KeVLWaQc\ WUaLW (Aí) LV WUaQVPLWWed

ZLWK SURbabLOLW\ 1íCn (fRU n௘=௘^0, 1, 2, 3` aV VKRZQ LQ Table S2.2). If C0 = 0, WZR Aí SaUeQWV ZLOO

aOZa\V SURdXce Aí RffVSULQJ, aQd Lf C3 = 1, WZR A+ SaUeQWV ZLOO aOZa\V SURdXce A+ RffVSULQJ.

HRZeYeU, Lf C0 > 0, WZR Aí SaUeQWV caQ SURdXce A+ RffVSULQJ aW VRPe SURbabLOLW\, aQd VLPLOaUO\ Lf

C3 < 1, WZR A+ SaUeQWV caQ SURdXce Aí RffVSULQJ ZLWK VRPe SURbabLOLW\.

TUaQVPLVVLRQ Rf YaccLQaWLRQ (V+ ZLWK SURbabLOLW\ Bm,n fRU m, n௘=௘^0, 1, 2, 3`; Table S2.2) LV

PRUe cRPSOe[, VLQce SaUeQWV¶ YaccLQe aWWLWXdeV (A), LQ addLWLRQ WR WKeLU RZQ YaccLQaWLRQ VWaWeV

(V), caQ LQfOXeQce WKeLU beKaYLRU LQ YaccLQaWLQJ WKeLU RffVSULQJ YLa a VeW Rf ³LQfOXeQce

SaUaPeWeUV´ WKaW LQfRUP YaccLQaWLRQ SURbabLOLWLeV. TKe SURbabLOLW\ WKaW eacK PaWLQJ SaLU SURdXceV

aQ RffVSULQJ ZLWK WKe V+ WUaLW (L.e. YaccLQaWeV WKeLU RffVSULQJ) LV a VcaOed SURdXcW Rf WKe LQfOXeQce

Rf SaUeQWaO aWWLWXdeV (cn fRU n௘=௘^0, 1, 2, 3`) aQd WKe LQfOXeQce Rf SaUeQWaO YaccLQaWLRQ VWaWeV (bm fRU

m = ^0, 1, 2, 3` ) (Table S2.2). FRU e[aPSOe, fRU PaWLQJ SaLU V+A+î V+Aí, WKeLU cRPbLQed

YaccLQaWLRQ VWaWeV (V+ î V+) ZLOO LQfOXeQce YaccLQaWLRQ beKaYLRU b\ b3, aQd WKeLU cRPbLQed
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aWWLWXde VWaWeV, (A+ î Aí), ZLOO LQfOXeQce YaccLQaWLRQ beKaYLRU b\ c2. TKeUefRUe, a V+A+î V+Aí

PaWLQJ ZLOO SURdXce a V+ RffVSULQJ ZLWK SURbabLOLW\ ; WKLV SaLU ZLOO aOVR𝐵
3,2

ࡦ   𝑐
2

𝑏࡟1
3

2ഈ ഉ
SURdXce aQ A+ RffVSULQJ ZLWK SURbabLOLW\ C2 baVed RQ WKeLU cRPbLQed aWWLWXde VWaWeV.

TUaQVPLVVLRQ aQd LQfOXeQce SURbabLOLWLeV aUe cRQVWaQW WKURXJKRXW a VLQJOe VLPXOaWLRQ,

ZLWK YaOXeV UaQJLQJ fURP 0 WR 1. AW baVeOLQe VeWWLQJV, WKe LQfOXeQce SaUaPeWeUV bm aQd cn, aQd WKe

WUaQVPLVVLRQ SaUaPeWeU Cn ZRXOd WaNe WKe YaOXeV LQdLcaWed LQ Table 3.1. IQ RXU PRdeO,

YaccLQaWLRQ SURbabLOLWLeV aUe VWUXcWXUed VXcK WKaW a cRXSOe¶V YaccLQe beOLefV KaYe a JUeaWeU

LQfOXeQce (cn) RQ WKeLU OLNeOLKRRd Rf YaccLQaWLQJ WKeLU RffVSULQJ WKaQ WKeLU RZQ YaccLQaWLRQ VWaWXV

(bn). TKeUefRUe, RffVSULQJ YaccLQaWLRQ LV JXaUaQWeed aW VRPe SURbabLOLW\ RQO\ Lf cn > 0. We

LPSOePeQW YaccLQe PaQdaWeV aQd YaccLQe LQacceVVLbLOLW\ b\ PRdXOaWLQJ WKe LQfOXeQce Rf YaccLQe

aWWLWXdeV (cn). We LQcUeaVe WKe LQfOXeQce SaUaPeWeU YaOXeV Rf cRXSOeV ZLWK aW OeaVW RQe YaccLQe

KeVLWaQW LQdLYLdXaO (c0:Aí î Aí, c1: Aí î A+, c2: A+ î Aí ) WR PRdeO a YaccLQe PaQdaWeV RU

decUeaVLQJ LQfOXeQce SaUaPeWeU YaOXeV Rf cRXSOeV ZLWK aW OeaVW RQe YaccLQe cRQfLdeQW LQdLYLdXaO

(c3: A+ î A+, c2: A+ î Aí, c1: Aí î A+) WR PRdeO YaccLQe LQacceVVLbLOLW\. IQ RWKeU ZRUdV, a YaccLQe

PaQdaWe ZLOO PaNe a YaccLQe-KeVLWaQW SaUeQW PRUe OLNeO\ WR YaccLQaWe WKeLU cKLOd, aQd YaccLQe

LQacceVVLbLOLW\ ZLOO PaNe a YaccLQe-cRQfLdeQW SaUeQW OeVV OLNeO\ WR YaccLQaWe WKeLU cKLOd.

TKe cXOWXUaO VeOecWLRQ RQ YaccLQaWLRQ LV JLYeQ b\ WKe SaUaPeWeU ı. AfWeU YeUWLcaO cXOWXUaO

WUaQVPLVVLRQ KaV RccXUUed, WKe fUeTXeQc\ Rf WKe V+A+ aQd V+Aí SKeQRW\SeV aUe PXOWLSOLed b\

1+ı. TKLV SaUaPeWeU PRdXOaWeV ZKeWKeU WKeUe aUe PRUe RU feZeU YaccLQaWed LQdLYLdXaOV WKaQ

e[SecWed: LQ RWKeU ZRUdV, ZKeQ ı>0, YaccLQaWed LQdLYLdXaOV aUe PRUe cRPPRQ LQ a VeW Rf

RffVSULQJ WKaQ ZRXOd be e[SecWed VWULcWO\ b\ SaUeQWaO beOLefV aQd YaccLQaWLRQ VWaWXVeV. TKLV

cXOWXUaO VeOecWLRQ cReffLcLeQW LV VWUXcWXUed WR eQcRPSaVV bRWK bLRORJLcaO fLWQeVV aQd cXOWXUaO

VeOecWLRQ SUeVVXUeV, LQcOXdLQJ SeUceLYed ULVNV RU beQefLWV Rf WKe YaccLQe LWVeOf, SeUVRQaO

cRVW-beQefLW aQaO\VeV Rf SUeYeQWaWLYe KeaOWK beKaYLRUV, aQd WKe VWUXcWXUaO RU VRcLeWaO-OeYeO facWRUV

LQfOXeQcLQJ YaccLQaWLRQ UaWeV (PUXLWW, KOLQe, aQd KRYa] 1995; L. L. CaYaOOL-SfRU]a aQd FeOdPaQ

1981). UQdeU WKe aVVXPSWLRQ WKaW effecWV Rf KeUd LPPXQLW\ Pa\ Oead WR a UedXcWLRQ LQ

YaccLQaWLRQ beKaYLRUV²fRU e[aPSOe, WKe beOLef WKaW YaccLQeV aUe XQQeceVVaU\ ZKeQ PRVW RWKeUV

aUe YaccLQaWed (OPeU eW aO. 2009)²WKe cXOWXUaO VeOecWLRQ cReffLcLeQW fXQcWLRQ LQ RXU PRdeO LV

YaccLQe-fUeTXeQc\-deSeQdeQW. We caOcXOaWe ı LQ eacK WLPeVWeS aV a fXQcWLRQ Rf WKe cXUUeQW

YaccLQaWLRQ cRYeUaJe (fUeTXeQc\ Rf V+, L.e. [1 + [2), aQd LQ eacK VLPXOaWLRQ Ze VSecLf\ ıma[ aV WKe
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Pa[LPXP cXOWXUaO VeOecWLRQ SUeVVXUe fRU JeWWLQJ YaccLQaWed (í1�ıma[�1) (Vee WKe cXOWXUaO

VeOecWLRQ cReffLcLeQW fXQcWLRQ LQ FigXre 2.1). TR LQcRUSRUaWe WKLV UeOaWLRQVKLS LQWR WKe PRdeO, Ze

cRQVWUXcWed a fXQcWLRQ b\ defLQLQJ RXU aVVXPSWLRQV (LQcRUSRUaWLQJ eYROXWLRQaU\ JaPe WKeRU\, e.J.

WKe ³fUee ULdeU´ SURbOeP) aQd WKeQ cKRRVLQJ cXUYeV ZLWK a WUaMecWRULeV WKaW PeW SUe-VSecLfLed

cRQdLWLRQV: ZLWK XQYaccLQaWed LQdLYLdXaOV KROdLQJ baVeOLQe fLWQeVV aW 0, Ze aVVXPe WKaW ZKeQ

YaccLQaWLRQ cRYeUaJe LV ORZ, WKe UeaO aQd SeUceLYed beQefLWV Rf YaccLQaWLRQ aUe KLJKeVW, aQd WKXV,

WKe cXOWXUaO VeOecWLRQ SUeVVXUe LV QeaU ıPa[, KRZeYeU, aV YaccLQaWLRQ cRYeUaJe LQcUeaVeV WRZaUd WKe

OeYeO Rf KeUd LPPXQLW\, WKe SeUceLYed beQefLWV Rf YaccLQaWLRQ decUeaVe, UeSUeVeQWed aV a UedXcWLRQ

LQ WKe cXOWXUaO VeOecWLRQ SUeVVXUe (BaXcK aQd BKaWWacKaU\\a 2012).

TKe PRdeO LQcRUSRUaWeV a VecRQd SKaVe ZLWK RbOLTXe cXOWXUaO WUaQVPLVVLRQ (L.e. LQfOXeQce

fURP QRQ-SaUeQWaO adXOWV), LQ ZKLcK LQdLYLdXaOV caQ cKaQJe WKeLU LQKeULWed YaccLQe aWWLWXdeV (A)

dXe WR LQfOXeQce fURP RWKeU adXOWV LQ WKe SRSXOaWLRQ. TKeUe aUe WZR SURbabLOLWLeV aVVRcLaWed ZLWK

aWWLWXde PRdXOaWLRQ: WKe SURbabLOLW\ WKaW aQ YaccLQe KeVLWaQW (Aí) LQdLYLdXaO adRSWV WKe YaccLQe

cRQfLdeQW (A+) VWaWe (Aí WR A+ WUaQVLWLRQ SURbabLOLW\, JLYeQ b\ LQ FigXre 2.2), aQd WKe𝐴
→𝐶՗𝑛𝑓𝑖𝑑𝑒𝑛՜

SURbabLOLW\ WKaW aQ A+ LQdLYLdXaO adRSWV WKe Aí VWaWe (A+ WR Aí WUaQVLWLRQ SURbabLOLW\, JLYeQ b\

LQ FigXre 2.2). AV ZLWK WKe VWUeQJWK Rf cXOWXUaO VeOecWLRQ (ı) deVcULbed SUeYLRXVO\, WKe𝐴
→𝐻𝑒՛𝑖՜𝑎𝑛՜

SURbabLOLW\ WKaW RffVSULQJ cKaQJe WKeLU YaccLQe aWWLWXde LV a fXQcWLRQ Rf WKe V+ fUeTXeQc\ LQ WKe

SRSXOaWLRQ. AV WKe fUeTXeQc\ Rf YaccLQaWed LQdLYLdXaOV (V+) LQcUeaVeV LQ WKe SRSXOaWLRQ,

YaccLQe-cRQfLdeQW LQdLYLdXaOV (A+) aUe PRUe OLNeO\ WR becRPe KeVLWaQW ( SURbabLOLW\𝐴
→𝐻𝑒՛𝑖՜𝑎𝑛՜

LQcUeaVeV) aQd YaccLQe-KeVLWaQW LQdLYLdXaOV (Aí) aUe OeVV OLNeO\ WR becRPe cRQfLdeQW (𝐴
→𝐶՗𝑛𝑓𝑖𝑑𝑒𝑛՜

SURbabLOLW\ decUeaVeV). SLPLOaUO\ WR WKe cXOWXUaO VeOecWLRQ fXQcWLRQ, WKe beOLef WUaQVLWLRQ fXQcWLRQV

ZeUe JeQeUaWed b\ fLUVW cKRRVLQJ a fXQcWLRQ ZLWK a VKaSe WKaW aOLJQed ZLWK RXU JeQeUaO

aVVXPSWLRQV aQd WKeQ PRdLf\LQJ WKe fXQcWLRQ WR fLW VSecLfLc cULWeULa: 1) SURbabLOLWLeV cRXOd

aSSURacK ]eUR, bXW QRW eTXaO ]eUR, 2) WUaQVLWLRQ WR VXSSRUWLQJ beOLef aQd WUaQVLWLRQ WR RSSRVLQJ

beOLef aUe eTXaOO\ OLNeO\ aW 50% YaccLQaWLRQ fUeTXeQc\, aQd, 3) WKaW KLJK YaccLQaWLRQ fUeTXeQcLeV

(e.J. abRYe KeUd-LPPXQLW\ OeYeOV Rf YaccLQaWLRQ cRYeUaJe) SURPRWe WKe WUaQVLWLRQ WR YaccLQe

KeVLWaQc\ (JacRbVRQ, SW SaXYeU, aQd FLQQe\ RXWWeQ 2015; KeQQed\, BURZQ, aQd GXVW 2005). TKe

XSSeU bRXQd fRU WKe beOLef WUaQVLWLRQ fXQcWLRQV ZeUe VeW b\ caOcXOaWLQJ WKe SeUceQW dLffeUeQce

beWZeeQ YaccLQe UefXVaO UaWeV LQ 1991 aQd 2004 LQ WKe UQLWed SWaWeV WR eVWLPaWe WUaQVLWLRQ

SURbabLOLWLeV beWZeeQ 1±2% (OPeU eW aO. 2009). B\ PRdXOaWLQJ WKe aWWLWXde WUaQVLWLRQ
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SURbabLOLWLeV accRUdLQJ WR WKe YaccLQaWLRQ cRYeUaJe LQ WKLV PaQQeU, Ze aVVXPe WKaW ZKeQ YaccLQe

cRYeUaJe (V+ fUeTXeQc\, [1 + [2) LV ORZ, dLVeaVe RccXUUeQce LV KLJK aQd WKe QeJaWLYe effecWV Rf WKe

dLVeaVe aUe e[SeULeQced ZLdeO\, WKXV WKe beQefLWV Rf beLQJ YaccLQaWed (aQd WKe cRVWV Rf QRW beLQJ

YaccLQaWed) aUe PRUe eYLdeQW (GaQJaURVa eW aO. 1998; O]aZa eW aO. 2012). AV YaccLQaWLRQ

cRYeUaJe (V+) LQcUeaVeV LQ WKe SRSXOaWLRQ, aQd WKXV dLVeaVe RccXUUeQce LV ORZ, WKe beQefLWV WR

beLQJ YaccLQaWed aUe OeVV RbYLRXV, ZKLOe ORZ-SURbabLOLW\ cRVWV VXcK aV adYeUVe UeacWLRQV becRPe

PRUe aSSaUeQW aQd cRXOd be SeUceLYed aV beLQJ ULVNLeU WKaQ WKe dLVeaVe LWVeOf. MRdXOaWLQJ bRWK

WKe aWWLWXde WUaQVLWLRQ SURbabLOLWLeV aQd WKe cXOWXUaO VeOecWLRQ cReffLcLeQW accRUdLQJ WR WKe OeYeO Rf

YaccLQaWLRQ cRYeUaJe LQ a SRSXOaWLRQ UefOecWV WKaW SeUceSWLRQV abRXW WKe YaccLQe aQd LWV

aVVRcLaWed effecWV RQ KeaOWK cRXOd be PeaQLQJfXOO\ dLffeUeQW LQ a SRSXOaWLRQ ZLWK KLJK

YaccLQaWLRQ cRYeUaJe WKaQ LQ RQe ZLWK ORZ cRYeUaJe.

TR cRPSXWe WKe fUeTXeQc\ Rf a JLYeQ SKeQRW\Se LQ WKe Qe[W LWeUaWLRQ, Ze VXP WKe

SURbabLOLW\ WKaW eacK PaWLQJ SaLU SURdXceV RffVSULQJ Rf WKaW SKeQRW\Se RYeU eacK Rf WKe VL[WeeQ

SRVVLbOe PaWLQJ SaLUV. CXOWXUaO VeOecWLRQ (ı), deVcULbed abRYe, WKeQ RSeUaWeV RQ RffVSULQJ ZLWK WKe

V+ WUaLW. AW WKe eQd Rf eacK WLPeVWeS, WKe fUeTXeQc\ Rf eacK SKeQRW\Se LV dLYLded b\ WKe VXP Rf

aOO fRXU fUeTXeQcLeV, eQVXULQJ WKaW WKe fUeTXeQcLeV VXP WR 1. TKe fXOO UecXUVLRQV, JLYLQJ [iމ

SKeQRW\Se fUeTXeQcLeV LQ WKe Qe[W LWeUaWLRQ LQ WeUPV Rf [i LQ WKe cXUUeQW LWeUaWLRQ, aUe JLYeQ LQ

SXpplementar\ Te[t S2.1. If [iމ LV eTXaO WR [i, WKe V\VWeP LV aW eTXLOLbULXP. UQOeVV RWKeUZLVe

VWaWed, WKe PRdeO LV LQLWLaOL]ed ZLWK SKeQRW\SLc fUeTXeQcLeV VWUXcWXUed WR UeSUeVeQW WKRVe Rf WKe

UQLWed SWaWeV: [1 (fUeTXeQc\ Rf V+A+) = 0.81, [2 (V+Aí) = 0.1, [3 (VíA+) = 0.07, [4 (VíAí) = 0.02.

TKeVe fUeTXeQcLeV ZeUe eVWLPaWed XVLQJ UeSRUWV Rf MeaVOeV-MXPSV-RXbeOOa (MMR) YaccLQaWLRQ

UaWeV aQd eVWLPaWeV Rf YaccLQe aWWLWXde fUeTXeQcLeV RbWaLQed fURP YaULRXV VRXUceV LQ WKe OLWeUaWXUe

(KeQQed\, BURZQ, aQd GXVW 2005; LeaVN 2011) aQd WKe CeQWeUV Rf DLVeaVe CRQWURO CKLOdVa[

daWabaVe (HLOO eW aO. 2019, 2017).
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SXSSOePeQWaU\ TabOeV

Table S2.1. Mating freqXencies for all possible matings.
IQ WKLV PRdeO, ⍺1 LV WKe UaWe Rf aVVRUWPeQW Lf WKe cKRRVLQJ SaUeQW LV A+, aQd ⍺2 LV WKe UaWe Rf
aVVRUWPeQW Lf WKe cKRRVLQJ SaUeQW LV Aí. TKe cKRRVLQJ SaUeQW LV OLVWed fLUVW fRU eacK PaWLQJ. OQ
WKe ULJKW VLde Rf WKe eTXaWLRQV, WKe fLUVW WeUP UeSUeVeQWV WKe fUeTXeQc\ Rf UaQdRP PaWLQJV aQd WKe
VecRQd WeUP WKe fUeTXeQc\ Rf aVVRUWaWLYe PaWLQJV.

ƃ ⨉ Ƃ Mating FreqXenc\ ƃ ⨉ Ƃ Mating FreqXenc\

V+A+ ⨉ V+A+ 𝑚
1,1

ࡦ ՠ
1
2ഈ1 ࡠ α

1
ഉ ࡟

α
1
ՠ

1
2

ഈՠ
1
ՠ࡟

3
ഉ

VíA+ ⨉ V+A+ 𝑚
3,1

ࡦ ՠ
3
ՠ

1
ഈ1 ࡠ α

1
ഉ ࡟

α
1
ՠ

3
ՠ

1

ഈՠ
1
ՠ࡟

3
ഉ

V+A+ ⨉ V+Aí 𝑚
1,2

ࡦ ՠ
1
ՠ

2
ഈ1 ࡠ α

1
ഉ VíA+ ⨉ V+Aí 𝑚

3,2
ࡦ ՠ

3
ՠ

2
ഈ1 ࡠ α

1
ഉ

V+A+ ⨉ VíA+ 𝑚
1,3

ࡦ ՠ
1
ՠ

3
ഈ1 ࡠ α

1
ഉ ࡟

α
1
ՠ

1
ՠ

3

ഈՠ
1
ՠ࡟

3
ഉ VíA+ ⨉ VíA+ 𝑚

3,3
ࡦ ՠ

3
2ഈ1 ࡠ α

1
ഉ ࡟

α
1
ՠ

3
2

ഈՠ
1
ՠ࡟

3
ഉ

V+A+ ⨉ VíAí 𝑚
1,4

ࡦ ՠ
1
ՠ

4
ഈ1 ࡠ α

1
ഉ VíA+ ⨉ VíAí 𝑚

3,4
ࡦ ՠ

3
ՠ

4
ഈ1 ࡠ α

1
ഉ

V+Aí ⨉ V+A+ 𝑚
2,1

ࡦ ՠ
2
ՠ

1
ഈ1 ࡠ α

2
ഉ VíAí ⨉ V+A+ 𝑚

4,1
ࡦ ՠ

4
ՠ

1
ഈ1 ࡠ α

2
ഉ

V+Aí ⨉ V+Aí 𝑚
2,2

ࡦ ՠ
2
2ഈ1 ࡠ α

2
ഉ ࡟

α
2
ՠ

2
2

ഈՠ
2
ՠ࡟

4
ഉ

VíAí ⨉ V+Aí 𝑚
4,2

ࡦ ՠ
4
ՠ

2
ഈ1 ࡠ α

2
ഉ ࡟

α
2
ՠ

4
ՠ

2

ഈՠ
2
ՠ࡟

4
ഉ

V+Aí ⨉ VíA+ 𝑚
2,3

ࡦ ՠ
2
ՠ

3
ഈ1 ࡠ α

2
ഉ VíAí ⨉ VíA+ 𝑚

4,3
ࡦ ՠ

4
ՠ

3
ഈ1 ࡠ α

2
ഉ

V+Aí⨉ VíAí 𝑚
2,4

ࡦ ՠ
2
ՠ

4
ഈ1 ࡠ α

2
ഉ ࡟

α
2
ՠ

2
ՠ

4

ഈՠ
2
ՠ࡟

4
ഉ VíAí ⨉ VíAí 𝑚

4,4
ࡦ ՠ

4
2ഈ1 ࡠ α

2
ഉ ࡟

α
2
ՠ

4
2

ഈՠ
2
ՠ࡟

4
ഉ
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Table S2.2: Probabilities of trait transmission to offspring from cXltXral trait pairings.
FRU eacK PaWLQJ, WKe SURbabLOLW\ Rf WUaQVPLWWLQJ eacK WUaLW, aQd cRUUeVSRQdLQJ LQfOXeQce
SaUaPeWeUV, aUe JLYeQ. TKe SURbabLOLW\ Rf YaccLQaWLQJ aQ RffVSULQJ, Bm,n, deSeQdV RQ bRWK WKe
SaUeQWV¶ YaccLQaWLRQ VWaWe (V+: YaccLQaWed; Ví: XQYaccLQaWed) aQd WKeLU beOLef VWaWe (A+: YaccLQe
cRQfLdeQW; Aí: YaccLQe KeVLWaQW). Bm,n LV LQfRUPed b\ WKe LQfOXeQce SaUaPeWeU bm WKaW cRUUeVSRQdV
WR WKe SaUeQWV¶ V VWaWeV aQd WKe LQfOXeQce SaUaPeWeU cn WKaW cRUUeVSRQd WR WKeLU A VWaWeV. FRU eacK
SaUeQWaO SaLULQJ, WKe SURbabLOLW\ Rf QRW YaccLQaWLQJ aQ RffVSULQJ LV 1 ± Bm,n. EacK SaLULQJ WUaQVPLWV
cRQfLdeQce LQ YaccLQeV aW a UaWe Cn, aQd KeVLWaQc\ aW UaWe 1 ± Cn. TKe SaUaPeWeUV bm, cn, aQd Cn aUe
VeW aV cRQVWaQWV fRU eacK VLPXOaWLRQ, aQd Bm,n LV caOcXOaWed fURP WKeVe.

Trait Transmission Probabilities InflXence of parental
Yaccination and attitXdes
on offspring Yaccination

Mating pair Offspring
Yaccination (V+)
probabilit\

Ví offspring
probabilit\

A+ offspring
probabilit\

A± offspring
probabilit\

V inflXence
(P)

A inflXence
(Q)

V+A+ ⨉ V+A+ 𝐵
𝑚3ࡦ,𝑛3ࡦ

ࡦ 𝑐
3

𝑏࡟1
3

2ഈ ഉ 1 ࡠ 𝐵
3,3

C3 1 í C3 b3 c3

V+A+ ⨉ V+Aí 𝐵
3,2

ࡦ 𝑐
2

𝑏࡟1
3

2ഈ ഉ 1 ࡠ 𝐵
3,2

C2 1 í C2 b3 c2

V+Aí ⨉ V+A+ 𝐵
3,1

ࡦ 𝑐
1

𝑏࡟1
3

2ഈ ഉ 1 ࡠ 𝐵
3,1

C1 1 í C1 b3 c1

V+Aí ⨉ V+Aí 𝐵
3,0

ࡦ 𝑐
0

𝑏࡟1
3

2ഈ ഉ 1 ࡠ 𝐵
3,0

C0 1 í C0 b3 c0

V+A+ ⨉ VíA+ 𝐵
2,3

ࡦ 𝑐
3

𝑏࡟1
2

2ഈ ഉ 1 ࡠ 𝐵
2,3

C3 1 í C3 b2 c3

V+A+ ⨉ VíAí 𝐵
2,2

ࡦ 𝑐
2

𝑏࡟1
2

2ഈ ഉ 1 ࡠ 𝐵
2,2

C2 1 í C2 b2 c2

V+Aí ⨉ VíA+ 𝐵
2,1

ࡦ 𝑐
1

𝑏࡟1
2

2ഈ ഉ 1 ࡠ 𝐵
2,1

C1 1 í C1 b2 c1

V+Aí⨉ VíAí 𝐵
2,0

ࡦ 𝑐
0

𝑏࡟1
2

2ഈ ഉ 1 ࡠ 𝐵
2,0

C0 1 í C0 b2 c0

VíA+ ⨉ V+A+ 𝐵
1,3

ࡦ 𝑐
3

𝑏࡟1
1

2ഈ ഉ 1 ࡠ 𝐵
1,3

C3 1 í C3 b1 c3

VíA+ ⨉ V+Aí 𝐵
1,2

ࡦ 𝑐
2

𝑏࡟1
1

2ഈ ഉ 1 ࡠ 𝐵
1,2

C2 1 í C2 b1 c2

VíAí ⨉ V+A+ 𝐵
1,1

ࡦ 𝑐
1

𝑏࡟1
1

2ഈ ഉ 1 ࡠ 𝐵
1,1

C1 1﹣C1 b1 c1

VíAí ⨉ V+Aí 𝐵
1,0

ࡦ 𝑐
0

𝑏࡟1
1

2ഈ ഉ 1 ࡠ 𝐵
1,0

C0 1﹣C0 b1 c0

VíA+ ⨉ VíA+ 𝐵
0,3

ࡦ 𝑐
3

𝑏࡟1
0

2ഈ ഉ 1 ࡠ 𝐵
0,3

C3 1﹣C3 b0 c3

VíA+ ⨉ VíAí 𝐵
0,2

ࡦ 𝑐
2

𝑏࡟1
0

2ഈ ഉ 1 ࡠ 𝐵
0,2

C2 1﹣C2 b0 c2

VíAí ⨉ VíA+ 𝐵
0,1

ࡦ 𝑐
1

𝑏࡟1
0

2ഈ ഉ 1 ࡠ 𝐵
0,1

C1 1﹣C1 b0 c1

VíAí ⨉ VíAí 𝐵
0,0

ࡦ 𝑐
0

𝑏࡟1
0

2ഈ ഉ 1 ࡠ 𝐵
0,0

C0 1﹣C0 b0 c0

132



Table S2.3: Probabilit\ range assignments for FigXre 2.5
TR YaU\ WKe UaQJe Rf Bm,n XVed LQ a JLYeQ VLPXOaWLRQ, eacK SURbabLOLW\ ZaV JURXSed accRUdLQJ WR
defaXOW YaccLQaWLRQ SURbabLOLW\ caOcXOaWLRQV. AOO SURbabLOLWLeV LQ a JURXS KROd WKe YaOXe aVVLJQed
WR WKaW JURXS LQ WKe UaQJe, aV VKRZQ. Cn SURbabLOLWLeV ZeUe aVVLJQed YaOXeV aV VKRZQ, ZLWK C0
WaNLQJ WKe ORZeVW YaOXe LQ WKe UaQJe aQd C3 WaNLQJ WKe KLJKeVW. TKe ORZeVW SURbabLOLW\ UaQJe
JURXS LV JLYeQ aV aQ e[aPSOe Rf YaOXe aVVLJQPeQW.

RaQJe

LRZ HLJK

PaUaPeWeUV B0,0, B1,0, B2,0,
B3,0

B0,1, B0,2
B1,1, B1,2, B2,1,

B2,2
B3,1, B3,2, B0,3 B2,3, B1,3 B3,3

E[aPSOe YaOXe
(UaQJe 0±0.49) 0 0.09 0.19 0.29 0.39 0.49

LRZ HLJK

PaUaPeWeUV C0 C1 C2 C3

E[aPSOe YaOXe
(UaQJe 0.1±0.4) 0.1 0.2 0.3 0.4
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Table S3.1: QXantitatiYe differences betZeen eqXilibriXm freqXencies Zith loZ
transmission of Yaccine confidence
TKe PeaQ aQd PedLaQ Rf YaccLQaWLRQ cRYeUaJe aQd YaccLQe cRQfLdeQce OeYeOV aW eTXLOLbULXP ZeUe
caOcXOaWed fRU WKe VecWLRQ Rf WKe KeaWPaSV LQ FigXre 3.2 fRU ZKLcK C1 = C2 < 0.5 (bOXe LQ
YaccLQaWLRQ cRYeUaJe KeaWPaSV; Ued LQ WKe cRQfLdeQce OeYeO KeaWPaSV).

VaccLQaWLRQ CRYeUaJe
beORZ C1 = C2 < 0.5

No Mandate Lenient Mandate Vaccine Inaccessible

Mean 9.031% 27.723% 5.032%

Median 4.047% 25.872% 2.578%

CRQfLdeQce LeYeOV
beORZ C1 = C2 < 0.5

Mean 10.875% 9.092% 9.927%

Median 5.262% 5.115% 5.178%
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SXSSOePeQWaU\ FigXUeV

FigXre S2.1: Vaccine-fear-driYen attitXde transition probabilit\. AWWLWXde WUaQVLWLRQ
SURbabLOLW\ (YeUWLcaO a[LV) LV a fXQcWLRQ Rf WKe YaccLQaWLRQ fUeTXeQc\ LQ WKe SRSXOaWLRQ (V+;
KRUL]RQWaO a[LV). FeaU-dULYeQ KeVLWaQc\ aVVXPSWLRQV RXWOLQed RQ WKe JUaSK: LQcUeaVed YaccLQe
XSWaNe UedXceV YaccLQe feaU, WKXV LQcUeaVLQJ WKe OLNeOLKRRd Rf adRSWLQJ YaccLQe cRQfLdeQce. TKe
SURbabLOLW\ WKaW a YaccLQe KeVLWaQW LQdLYLdXaO adRSWV YaccLQe cRQfLdeQce (Aí WR A+ WUaQVLWLRQ
SURbabLOLW\, VKRZQ LQ daVKed bOacN) LV deWeUPLQed b\ WKe fXQcWLRQ , aQd WKe SURbabLOLW\𝐴

→𝐶՗𝑛𝑓𝑖𝑑𝑒𝑛՜
WKaW a YaccLQe cRQfLdeQW LQdLYLdXaO adRSWV YaccLQe KeVLWaQc\ (A+ WR Aí WUaQVLWLRQ SURbabLOLW\,
VKRZQ ZLWK a VROLd bOXe OLQe) LV deWeUPLQed b\ WKe fXQcWLRQ . .𝐴

→𝐻𝑒՛𝑖՜𝑎𝑛՜
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FigXre S2.2: Confidence-freqXenc\-dependent attitXde transition probabilit\ fXnction
(obliqXel\ transmitted hesitanc\).We XVed WKe VaPe eTXaWLRQV aV WKe beOLef WUaQVLWLRQ fXQcWLRQV
LQ FigXre 2.2 WR cRQVWUXcW WKe cRQfLdeQce-fUeTXeQc\-deSeQdeQW beOLef WUaQVLWLRQ VcKePa.
TUaQVLWLRQ SURbabLOLWLeV ZeUe UedefLQed accRUdLQJ WR dLffeUeQW aVVXPSWLRQV RXWOLQed RQ WKe JUaSK:
IQdLYLdXaOV aUe PRUe OLNeO\ WR adRSW WKe PaMRULW\ aWWLWXde. AWWLWXde WUaQVLWLRQ SURbabLOLW\ (YeUWLcaO
a[LV) LV a fXQcWLRQ Rf WKe cRQfLdeQce fUeTXeQc\ LQ WKe SRSXOaWLRQ (A+; KRUL]RQWaO a[LV). TKe
SURbabLOLW\ WKaW a YaccLQe KeVLWaQW LQdLYLdXaO adRSWV YaccLQe cRQfLdeQce (Aí WR A+ WUaQVLWLRQ
SURbabLOLW\, VKRZQ LQ daVKed bOacN) LV deWeUPLQed b\ WKe fXQcWLRQ , aQd WKe SURbabLOLW\𝐴

→𝐶՗𝑛𝑓𝑖𝑑𝑒𝑛՜
WKaW a YaccLQe cRQfLdeQW LQdLYLdXaO adRSWV YaccLQe KeVLWaQc\ (A+ WR Aí WUaQVLWLRQ SURbabLOLW\,
VKRZQ ZLWK a VROLd bOXe OLQe) LV deWeUPLQed b\ WKe fXQcWLRQ .𝐴

→𝐻𝑒՛𝑖՜𝑎𝑛՜
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FigXre S2.3: PopXlation freqXencies reach stable eqXilibria determined b\ the parameter
space, not b\ initial freqXencies. EacK SKeQRW\Se aSSURacKeV WKe VaPe eTXLOLbULXP fUeTXeQc\
fRU a JLYeQ VeW Rf SaUaPeWeUV UeJaUdOeVV Rf LWV LQLWLaO fUeTXeQc\ LQ RXU VLPXOaWLRQV. EacK Rf WKe
fRXU SKeQRW\Se fUeTXeQcLeV aQd WKe WRWaO V+ aQd A+ fUeTXeQcLeV (YeUWLcaO a[LV) aSSURacK
eTXLOLbULXP YaOXeV SULRU WR LWeUaWLRQ 300 aQd UePaLQ VWabO\ aW WKRVe fUeTXeQcLeV (cRPSaUe WKLV
fLJXUe ZLWK FigXre 2.3 (top roZ), ZKLcK VKRZV WKe fLUVW 100 LWeUaWLRQV Rf WKe VaPe VLPXOaWLRQV).
We YaULed WKe LQLWLaO fUeTXeQcLeV, VXcK WKaW Ze beJLQ eacK VLPXOaWLRQ ZLWK a dLffeUeQW SKeQRW\Se
aW aQ LQLWLaO KLJK fUeTXeQc\ (0.81): A) [1 (V+A+) = 0.81, [2 (V+Aí) = 0.1, [3 (VíA+) = 0.07, [4
(VíAí) = 0.02; V+Aí; B) [1 (V+A+) = 0.1, [2 (V+Aí) = 0.81, [3 (VíA+) = 0.02, [4 (VíAí) = 0.07;
VíA+; C) [1 (V+A+) = 0.02, [2 (V+Aí) = 0.07, [3 (VíA+) = 0.81, [4 (VíAí) = 0.1 ); D) [1 (V+A+) =
0.07, [2 (V+Aí) = 0.02, [3 (VíA+) = 0.1, [4 (VíAí) = 0.81. TKe UePaLQLQJ SaUaPeWeUV aUe KeOd aW
defaXOW YaOXeV (Table 2.1) aQd VLPXOaWLRQV ZeUe SeUfRUPed Zith Yertical transmission onl\
(onl\ parent-to-offspring transmission). TKeVe UeVXOWV LQdLcaWe WKaW eTXLOLbULXP fUeTXeQcLeV aUe
deWeUPLQed b\ WKe SaUaPeWeU VSace, QRW LQLWLaO fUeTXeQcLeV.
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FigXre S2.4: PopXlation freqXencies reach stable eqXilibria determined b\ the parameter
space, not b\ initial freqXencies (Zith herd-immXnit\ driYen hesitanc\). EacK SKeQRW\Se
aSSURacKeV WKe VaPe eTXLOLbULXP fUeTXeQc\ fRU a JLYeQ SaUaPeWeU VeW UeJaUdOeVV Rf LWV LQLWLaO
fUeTXeQc\ LQ RXU VLPXOaWLRQV. EacK Rf WKe fRXU SKeQRW\Se fUeTXeQcLeV aQd WKe WRWaO V+ aQd A+

fUeTXeQcLeV (YeUWLcaO a[LV) aSSURacK eTXLOLbULXP YaOXeV SULRU WR LWeUaWLRQ 300 aQd UePaLQ VWabO\ aW
WKRVe fUeTXeQcLeV (cRPSaUe WKLV fLJXUe ZLWK FigXre 2.3 (top roZ), ZKLcK VKRZV UeVXOWV ZLWK RQO\
YeUWLcaO WUaQVPLVVLRQ). We YaULed WKe LQLWLaO fUeTXeQcLeV, VXcK WKaW Ze beJLQ eacK VLPXOaWLRQ ZLWK
a dLffeUeQW SKeQRW\Se aW aQ LQLWLaO KLJK fUeTXeQc\ (0.81): V+A+ LQ SaQeO A, V+Aí LQ SaQeO B,
VíA+ LQ SaQeO C, VíAí LQ SaQeO D; WKe UePaLQLQJ SKeQRW\SeV aUe VeW WR ORZeU fUeTXeQcLeV (0.1,
0.07, 0.02). See FigXre S1 fRU a fXOO OLVWLQJ Rf WKeVe LQLWLaO fUeTXeQcLeV. TKe UePaLQLQJ SaUaPeWeUV
aUe KeOd aW defaXOW YaOXeV (Table 2.1) aQd WKeVe VLPXOaWLRQV inclXded both Yertical and
herd-immXnit\-driYen hesitanc\.
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FigXre S2.5: Temporal effects of cXltXral selection (Zith herd-immXnit\-driYen hesitanc\
belief transition). TKe eTXLOLbULXP SKeQRW\Se fUeTXeQcLeV cKaQJe aV WKe Pa[LPXP cXOWXUaO
VeOecWLRQ cReffLcLeQW (ıPa[) LV YaULed: A. ıPa[ = ±0.1; B. ıPa[ = 0; C. ıPa[ = 0.1; D. ıPa[ = 0.5.
HeUd-LPPXQLW\-dULYeQ KeVLWaQc\ LV LQcOXded, aQd RWKeU SaUaPeWeUV aUe KeOd aW defaXOW YaOXeV
(Table 2.1). (CRPSaUe WKLV fLJXUe ZLWK FigXre 2.3 (bottom roZ), ZKLcK VKRZV UeVXOWV ZLWK
YeUWLcaO WUaQVPLVVLRQ RQO\.) CXOWXUaO VeOecWLRQ aJaLQVW YaccLQaWed LQdLYLdXaOV LQcUeaVeV WKe
fUeTXeQc\ Rf VíAí, ZKLOe decUeaVLQJ WKe RWKeU fUeTXeQcLeV (A), ZKeUeaV LQcUeaVed cXOWXUaO
VeOecWLRQ faYRULQJ YaccLQaWed LQdLYLdXaOV LQcUeaVeV V+A+ fUeTXeQcLeV ZKLOe decUeaVLQJ WKe RWKeU
fUeTXeQcLeV (C, D). TKe KLJKeVW OeYeOV Rf cRQfOLcWLQJ SKeQRW\SeV (V+A± aQd V±A+) ZeUe RbVeUYed
ZKeQ cXOWXUaO VeOecWLRQ ZaV QeXWUaO (B).
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FigXre S2.6: Temporal effects of confidence transmission (Zith herd-immXnit\-driYen
hesitanc\ belief transition). TKe cKaQJe LQ SKeQRW\Se fUeTXeQcLeV RYeU 50 LWeUaWLRQV aV YaccLQe
cRQfLdeQce WUaQVPLVVLRQ LQ PL[ed cRXSOeV (C1=C2) LV YaULed (A. C1=C2=0.1; B. C1=C2=0.5; C.
C1=C2 = 0.8). HeUd-LPPXQLW\-dULYeQ KeVLWaQc\ LV LQcOXded aQd RWKeU SaUaPeWeUV aUe KeOd aW
defaXOW YaOXeV (TabOe 1). TKe SRSXOaWLRQ eTXLOLbUaWeV aW RYeU 90% V±A± aW ORZ cRQfLdeQce
WUaQVPLVVLRQ (A). IQcUeaVLQJ WKe SURbabLOLW\ Rf cRQfLdeQce WUaQVPLVVLRQ UeVXOWV LQ KLJKeU V+A+

fUeTXeQcLeV aQd ORZeU V±A± (B, C). IQ cRPSaULVRQ WR VLPXOaWLRQV ZLWK RQO\ YeUWLcaO WUaQVPLVVLRQ
(FigXre 2.4), SKeQRW\Se fUeTXeQcLeV UeacK eTXLOLbULXP aW YaOXeV cORVeU WR PLd-UaQJe OeYeOV (L.e.
V+A+ OeYeOV aW eTXLOLbULXP aUe UedXced ZKLOe RWKeU fUeTXeQcLeV aUe LQcUeaVed). IW LV aOVR ZRUWK
QRWLQJ WKaW WKe V±A± eTXLOLbULXP YaOXe LV KLJKeU WKaQ V±A+ aW C1=C2 = 0.5 ZKeQ
KeUd-LPPXQLW\-dULYeQ KeVLWaQc\ LV added.
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FigXre S2.7: The inflXence of parental traits on Yaccination coYerage and Yaccine
confidence (Zith Yertical transmission onl\). ETXLOLbULXP YaccLQaWLRQ cRYeUaJe (A,C) aQd
cRUUeVSRQdLQJ YaccLQe cRQfLdeQce (B, C) afWeU 100 WLPe-VWeSV ZithoXt commXnit\
inflXence±RQO\ SaUeQW-WR-RffVSULQJ WUaQVPLVVLRQ (CRPSaUe WR FigXre 2.10 ZLWK RbOLTXe
WUaQVPLVVLRQ). IQfOXeQce Rf SaUeQWaO YaccLQaWLRQ VWaWeV (b1 =b2; YeUWLcaO a[LV) aQd LQfOXeQce Rf
SaUeQW YaccLQe aWWLWXdeV (c1 =c2; KRUL]RQWaO a[LV) aUe YaULed aW WZR Pa[LPXP cXOWXUaO VeOecWLRQ
cReffLcLeQWV: ıPa[= 0 (A, B) aQd ıPa[= 0.1 (C, D). PRVLWLYe VeOecWLRQ fRU YaccLQaWLRQ LQcUeaVed
YaccLQaWLRQ cRYeUaJe aQd YaccLQe cRQfLdeQce acURVV SaUaPeWeU UaQJeV, KRZeYeU, YaccLQe
cRQfLdeQce LV ORZeU WKaQ e[SecWed aW WKe LQWeUVecWLRQ Rf KLJK VWaWe LQfOXeQce SaUaPeWeUV.
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FigXre S2.8: Vaccine confidence transmission dictates Yaccination coYerage and confidence
leYels (Zith confidence-freqXenc\-dependent belief transition). HeaWPaSV VKRZLQJ fLQaO
YaccLQaWLRQ cRYeUaJe (L.e. fUeTXeQc\ Rf V+ LQ WKe SRSXOaWLRQ, ZLWK ORZ cRYeUaJe LQ bURZQ aQd
KLJK cRYeUaJe LQ JUeeQ (A, C, E, G)) aQd fLQaO YaccLQe cRQfLdeQce (L.e. fUeTXeQc\ Rf A+, ZLWK ORZ
cRQfLdeQce LQ bOacN aQd KLJK cRQfLdeQce LQ Ued (B, D, F, H)) afWeU 100 WLPe-VWeSV Zith obliqXel\
transmitted hesitanc\ (FigXre S2). UQOeVV YaULed RQ WKe KRUL]RQWaO RU YeUWLcaO a[eV, RWKeU
SaUaPeWeUV aUe VeW WR WKe defaXOW YaOXeV JLYeQ LQ Table 2.1. We YaU\ cRQfLdeQce WUaQVPLVVLRQ (Cn)
Rf PL[ed WUaLW SaLUV (C1 = C2) LQ cRQMXQcWLRQ ZLWK WKe Pa[LPXP cXOWXUaO VeOecWLRQ cReffLcLeQW,
ıPa[, (A,B), WKe LQfOXeQce Rf SaUeQWaO YaccLQaWLRQ VWaWe, bm, (C, D), WKe OeYeO Rf LQfOXeQce Rf
SaUeQWaO aWWLWXdeV RQ WKeLU YaccLQaWLRQ beKaYLRUV, cn, (E,F), aQd RffVSULQJ YaccLQaWLRQ SURbabLOLW\,
Bm,n (G,H). DaVKed ZKLWe OLQeV dePaUcaWe WKe UeJLRQ LQ ZKLcK eTXLOLbULXP fUeTXeQcLeV aUe
beWZeeQ 0.1 aQd 0.9.
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FigXre S2.9: Vaccine confidence transmission dictates Yaccination coYerage and confidence
leYels (Zith Yaccine-fear-driYen belief transition). HeaWPaSV VKRZLQJ fLQaO YaccLQaWLRQ
cRYeUaJe (L.e. fUeTXeQc\ Rf V+ LQ WKe SRSXOaWLRQ, ZLWK ORZ cRYeUaJe LQ bURZQ aQd KLJK cRYeUaJe
LQ JUeeQ (A, C, E, G)) aQd fLQaO YaccLQe cRQfLdeQce (L.e. fUeTXeQc\ Rf A+, ZLWK ORZ cRQfLdeQce LQ
bOacN aQd KLJK cRQfLdeQce LQ Ued (B, D, F, H)) afWeU 100 WLPe-VWeSV ZLWK Yaccine-fear-driYen
belief transition (FigXre S2.1). UQOeVV YaULed RQ WKe KRUL]RQWaO RU YeUWLcaO a[eV, RWKeU
SaUaPeWeUV aUe VeW WR WKe defaXOW YaOXeV JLYeQ LQ TabOe 1. We YaU\ cRQfLdeQce WUaQVPLVVLRQ (CQ)
Rf PL[ed WUaLW SaLUV (C1 = C2) LQ cRQMXQcWLRQ ZLWK WKe Pa[LPXP cXOWXUaO VeOecWLRQ cReffLcLeQW,
ıPa[, (A,B), WKe LQfOXeQce Rf SaUeQWaO YaccLQaWLRQ VWaWe, bP, (C, D), WKe OeYeO Rf LQfOXeQce Rf
SaUeQWaO aWWLWXdeV RQ WKeLU YaccLQaWLRQ beKaYLRUV, cn, (E,F), aQd RffVSULQJ YaccLQaWLRQ SURbabLOLW\,
Bm,n (G,H). DaVKed ZKLWe OLQeV dePaUcaWe WKe UeJLRQ LQ ZKLcK eTXLOLbULXP fUeTXeQcLeV aUe
beWZeeQ 0.1 aQd 0.9.
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FigXre S2.10: The inflXence of parental traits on Yaccination coYerage and Yaccine
confidence (at e[treme leYels of cXltXral selection compared to FigXre 2.10). ETXLOLbULXP
YaccLQaWLRQ cRYeUaJe (A,C) aQd cRUUeVSRQdLQJ YaccLQe cRQfLdeQce (B, C UeVSecWLYeO\) afWeU 100
WLPe-VWeSV Zith herd-immXnit\-driYen hesitanc\ belief transition. IQfOXeQce Rf SaUeQWaO
YaccLQaWLRQ VWaWeV (b1 =b2; YeUWLcaO a[LV) aQd LQfOXeQce Rf SaUeQW YaccLQe aWWLWXdeV (c1 =c2;
KRUL]RQWaO a[LV) aUe YaULed aW WZR Pa[LPXP cXOWXUaO VeOecWLRQ cReffLcLeQWV: ıPa[= í0.1 (A, B) aQd
ıPa[= 0.5 (C, D). PRVLWLYe VeOecWLRQ fRU YaccLQaWLRQ LQcUeaVeV YaccLQaWLRQ cRYeUaJe aQd YaccLQe
cRQfLdeQce acURVV SaUaPeWeU UaQJeV, KRZeYeU, YaccLQe cRQfLdeQce LV ORZeU WKaQ e[SecWed aW WKe
LQWeUVecWLRQ Rf KLJK VWaWe LQfOXeQce SaUaPeWeUV.
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FigXre S2.11: Homophil\ betZeen indiYidXals Zith similar Yaccine beliefs can shift the
eqXilibriXm freqXencies of both Yaccination coYerage and confidence (Zith Yertical
transmission onl\). HeaWPaSV VKRZLQJ fLQaO YaccLQaWLRQ cRYeUaJe (A, C) aQd fLQaO YaccLQe
cRQfLdeQce (B, D) afWeU 100 WLPeVWeSV ZLWK RQO\ SaUeQW-WR-RffVSULQJ WUaQVPLVVLRQ (cRPSaUe WR
FigXre 2.11). AV LQ SUeYLRXV fLJXUeV, XQVSecLfLed SaUaPeWeUV aUe JLYeQ LQ Table 1. AV
YaccLQe-KeVLWaQW LQdLYLdXaOV (Aí) LQcUeaVLQJO\ SUefeU WR SaLU ZLWK RQe aQRWKeU (LQcUeaVLQJ 𝛼2;
KRUL]RQWaO a[LV), YaccLQe-cRQfLdeQW LQdLYLdXaOV (A+) PXVW aOVR SUefeUeQWLaOO\ LQWeUacW WR PaLQWaLQ
KLJK YaccLQe cRYeUaJe (𝛼1; YeUWLcaO a[LV); WKLV WUadeRff LV PRdXOaWed b\ WKe cXOWXUaO VeOecWLRQ
SUeVVXUeV RQ YaccLQaWLRQ (ıPa[ = í0.1 (A, B), ıPa[ = 0 (C, D), ıPa[ = 0.1 (E, F) aQd ıPa[ = 0.5 (G,
H)). DaVKed ZKLWe OLQeV dePaUcaWe WKe UeJLRQ LQ ZKLcK eTXLOLbULXP fUeTXeQcLeV aUe beWZeeQ 0.1
aQd 0.9.
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FigXre S2.12: Homophil\ betZeen indiYidXals Zith similar Yaccine beliefs can shift the
eqXilibriXm freqXencies of both Yaccination coYerage and confidence (Zith
confidence-freqXenc\ dependent belief transition). HeaWPaSV VKRZLQJ fLQaO YaccLQaWLRQ
cRYeUaJe (A, C) aQd fLQaO YaccLQe cRQfLdeQce (B, D) afWeU 100 WLPeVWeSV ZLWK obliqXel\
transmitted hesitanc\ (FigXre S2.2). AV LQ SUeYLRXV fLJXUeV, XQVSecLfLed SaUaPeWeUV aUe JLYeQ
LQ Table 2.1. AV YaccLQe-KeVLWaQW LQdLYLdXaOV (Aí) LQcUeaVLQJO\ SUefeU WR SaLU ZLWK RQe aQRWKeU
(LQcUeaVLQJ 𝛼2; KRUL]RQWaO a[LV), YaccLQe-cRQfLdeQW LQdLYLdXaOV (A+) PXVW aOVR SUefeUeQWLaOO\
LQWeUacW WR PaLQWaLQ KLJK YaccLQe cRYeUaJe (𝛼1; YeUWLcaO a[LV); WKLV WUadeRff LV PRdXOaWed b\ WKe
cXOWXUaO VeOecWLRQ SUeVVXUeV RQ YaccLQaWLRQ (ıPa[ = í0.1 (A, B), ıPa[ = 0 (C, D), ıPa[ = 0.1 (E, F)
aQd ıPa[ = 0.5 (G, H)). DaVKed ZKLWe OLQeV dePaUcaWe WKe UeJLRQ LQ ZKLcK eTXLOLbULXP
fUeTXeQcLeV aUe beWZeeQ 0.1 aQd 0.9.
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FigXre S2.13: Homophil\ betZeen indiYidXals Zith similar Yaccine beliefs can shift the
eqXilibriXm freqXencies of both Yaccination coYerage and confidence (Zith
Yaccine-fear-driYen hesitanc\). HeaWPaSV VKRZLQJ fLQaO YaccLQaWLRQ cRYeUaJe (A, C) aQd fLQaO
YaccLQe cRQfLdeQce (B, D) afWeU 100 WLPeVWeSV ZLWK YaccLQe-feaU-dULYeQ KeVLWaQc\ (FigXre S2.1).
AV LQ SUeYLRXV fLJXUeV, XQVSecLfLed SaUaPeWeUV aUe JLYeQ LQ Table 2.1. AV YaccLQe-KeVLWaQW
LQdLYLdXaOV (Aí) LQcUeaVLQJO\ SUefeU WR SaLU ZLWK RQe aQRWKeU (LQcUeaVLQJ 𝛼2; KRUL]RQWaO a[LV),
YaccLQe-cRQfLdeQW LQdLYLdXaOV (A+) PXVW aOVR SUefeUeQWLaOO\ LQWeUacW WR PaLQWaLQ KLJK YaccLQe
cRYeUaJe (𝛼1; YeUWLcaO a[LV); WKLV WUadeRff LV PRdXOaWed b\ WKe cXOWXUaO VeOecWLRQ SUeVVXUeV RQ
YaccLQaWLRQ (ıPa[ = í0.1 (A, B), ıPa[ = 0 (C, D), ıPa[ = 0.1 (E, F) aQd ıPa[ = 0.5 (G, H)). DaVKed
ZKLWe OLQeV dePaUcaWe WKe UeJLRQ LQ ZKLcK eTXLOLbULXP fUeTXeQcLeV aUe beWZeeQ 0.1 aQd 0.9.
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FigXre S3.1: Selection trajectories affect oXtcomes at eqXilibriXm Zhen Yaccines are
accessible.. HeaWPaSV VKRZLQJ eTXLOLbULXP YaccLQe cRYeUaJe aQd YaccLQe cRQfLdeQce OeYeOV ZLWK
aQ acceVVLbOe YaccLQe aQd QR PaQdaWe (Section B), ZLWK aQ acceVVLbOe YaccLQe aQd a OeQLeQW
PaQdaWe (Section C) aQd aQ eQYLURQPeQW ZLWK YaccLQeV VRPeZKaW LQacceVVLbOe (Section D),
ePSOR\LQJ YaULRXV cXOWXUaO VeOecWLRQ (ı) fXQcWLRQV: (A1) ı dReV QRW deSeQd RQ YaccLQaWLRQ
cRYeUaJe, (A2) ı decUeaVeV afWeU a KLJK KeUd-LPPXQLW\ WKUeVKROd Rf a90% cRYeUaJe, (A3) ı
decUeaVeV afWeU a PedLXP KeUd-LPPXQLW\ WKUeVKROd Rf a70% cRYeUaJe (baVeOLQe fXQcWLRQ), (A4) ı
decUeaVeV afWeU a ORZ KeUd-LPPXQLW\ WKUeVKROd Rf a50% cRYeUaJe, (A5) ı decUeaVeV OLQeaUO\ aV
YaccLQaWLRQ cRYeUaJe LQcUeaVeV, (A6) ı decUeaVeV accRUdLQJ WR a cXbLc fXQcWLRQ. We YaU\ C1 = C2

(cRQfLdeQce WUaQVPLVVLRQ SURbabLOLW\ Rf PL[ed-aWWLWXde cRXSOeV) RQ WKe YeUWLcaO a[LV, aQd
Pa[LPXP VeOecWLRQ cReffLcLeQW ıPa[ (LQdLcaWLYe Rf WKe SeUceLYed YaOXe Rf YaccLQaWLQJ RffVSULQJ)
RQ WKe KRUL]RQWaO a[LV. UQVSecLfLed SaUaPeWeUV aUe JLYeQ LQ Table 3.1 ZLWK ıPa[ KeOd aW 0.1 fRU aOO
fXQcWLRQV VKRZQ LQ Section A bXW YaULed LQ WKe KeaWPaSV LQ Sections B-D. BOacN aQd ZKLWe
daVKed OLQeV LQdLcaWe WKe aUea Rf WKe KeaW PaSV LQ ZKLcK YaccLQaWLRQ aQd cRQfLdeQce fUeTXeQcLeV
eTXLOLbUaWe beWZeeQ 0.1 aQd 0.9.
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