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�++2Tiû2b Qm bQmKBb2b

aBKQM- �X- LX "B2`M2 2i CX CX q2H+? UkyR3VX Ŀ *Q�/�Ti2/ :2MQK2b �M/ a2H2+iBQM QM >v#`B/b ,
6Bb?2`Ƕb :2QK2i`B+ JQ/2H 1tTH�BMb � o�`B2iv Q7 1KTB`B+�H S�ii2`Mb ŀX kX8-
TX 9dk@9N3X , X

aBKQM- �X 2i JX .m`�MiQM UkyR3VX Ŀ .B;2bi , .2KQ;`�T?B+ AM72`2M+2b �++QmMiBM; 7Q` a2H2+iBQM
�i GBMF2/ aBi2b ŀX X , X

aBKQM- �X- *X 6`�śbb2- hX 1H �v�`B- *X GB�mi�`/@>��;- SX ai`2HFQp- CX CX q2H+? 2i LX "B2`M2
UkyRN�VX Ŀ GQ+�H AMi`Q;`2bbBQM �i hrQ aT�iB�H a+�H2b BM JQb�B+ >v#`B/ wQM2b Q7 Jmbb2Hb ŀX

X , X aQmKBbX

aBKQM- �X 2i �HX UkyRN#VX Ŀ _2THB+�i2/ �Mi?`QTQ;2MB+ >v#`B/Bb�iBQMb _2p2�H S�`�HH2H S�ii2`Mb
Q7 �/KBtim`2 BM J�`BM2 Jmbb2Hb ŀX X , X
S`ûTm#HX

h`�p�mt bm` H2 +�M+2` i`�MbKBbbB#H2 +?2x bTTX U+7X T�`iB2 8X8V

_B[m2i- 6X- �X aBKQM 2i LX "B2`M2 UkyRdVX Ŀ q2B`/ :2MQivT2b \ .QMǶi .Bb+�`/ h?2K- h`�MbKBb@
bB#H2 *�M+2` *QmH/ "2 �M 1tTH�M�iBQM ŀX Ry- TX R9y@R98X ,

X

"m`BQHB- 1X 2i �HX UkyRNVX Ŀ AKTH2K2Mi�iBQM Q7 o�`BQmb �TT`Q�+?2b iQ aim/v i?2 S`2p�H2M+2-
AM+B/2M+2 �M/ S`Q;`2bbBQM Q7 .Bbb2KBM�i2/ L2QTH�bB� BM Jmbb2H aiQ+Fb ŀX

Re3- TX RydkdRX , X

uQM2KBibm- JX �X 2i �HX UkyRNVX Ŀ � aBM;H2 *HQM�H GBM2�;2 Q7 h`�MbKBbbB#H2 *�M+2` A/2MiB}2/
BM hrQ J�`BM2 Jmbb2H aT2+B2b BM aQmi? �K2`B+� �M/ 1m`QT2 ŀX 3- 29dd33X ,

X
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BXR aTû+B�iBQM- ?v#`B/�iBQM 2i BbQH2K2Mi `2T`Q/m+iB7 X X X X X X X X X X X X X X X X X R
BXRXR GǶBbQH2K2Mi `2T`Q/m+iB7 , mM 2Mb2K#H2 /2 Kû+�MBbK2b 2i /2 b+ûM�`BQb X R
BXRXk G2b #�b2b ;ûMûiB[m2b /2 HǶBbQH2K2Mi `2T`Q/m+iB7 X X X X X X X X X X X X X 8
BXRXj :ûMQKB[m2 /2 HǶBbQH2K2Mi `2T`Q/m+iB7 2i /2b ~mt /2 ;ĕM2b X X X X X X X N
BXRX9 *QMi�+ib b2+QM/�B`2b , 2tTû`BK2Mi�iBQMb TQm` HǶûim/2 /2 H� bTû+B�iBQM X Ry

BXk AMi`Q/m+iBQMb #BQHQ;B[m2b 2i ?v#`B/�iBQM X X X X X X X X X X X X X X X X X X X X X RR
BXkXR G2 T`Q+2bbmb /ǶBMi`Q/m+iBQM #BQHQ;B[m2 X X X X X X X X X X X X X X X X X RR
BXkXk G2b BMi`Q/m+iBQMb 2M KBHB2m K�`BM X X X X X X X X X X X X X X X X X X X X Rk
BXkXj G� ;ûMûiB[m2 /2b BMp�bBQMb , H� TH�+2 /2 HǶ?v#`B/�iBQM X X X X X X X X X X R8
BXkX9 AMi`Q/m+iBQM 2i ?v#`B/�iBQM , mM2 2tTû`B2M+2 ûpQHmiBp2 X X X X X X X X X Rd

BXj G2 KQ/ĕH2 /Ƕûim/2 , �m ?�b�`/ /2b `2M+QMi`2b X X X X X X X X X X X X X R3
BXjXR G2 +QKTH2t2 /Ƕ2bTĕ+2b /2 H� KQmH2 #H2m2 , +QKTQbBiBQM- /Bbi`B#miBQM 2i

?BbiQB`2 ûpQHmiBp2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R3
BXjXk JQ/ĕH2 TQm` HǶûim/2 /2 HǶ?v#`B/�iBQM 2i /2 H� bTû+B�iBQM X X X X X X X X kR
BXjXj ¨ HǶ�;2 /2 H� ;ûMQKB[m2 X X X X X X X X X X X X X X X X X X X X X kj
BXjX9 ú+QHQ;B2 2i i`�Bib /Ƕ?BbiQB`2 /2 pB2 HBûb ¨ HǶ?v#`B/�iBQM 2i �mt BMi`Q/m+iBQMb k8
BXjX8 mM2 2bTĕ+2 �m +�`�+iĕ`2 BMp�bB7 X X X X X X X X X X X ke

BX9 P#D2+iB7b /2 H� i?ĕb2 2i bi`m+im`2 /m /Q+mK2Mi X X X X X X X X X X X X X X X X X kd

RXR *QMi2ti2 2i `ûbmKû /2 HǶûim/2 X X X X X X X X X X X X X X X X X X X X X X X X X X jj
RXRXR P#i2MB` mM2 pBbBQM THmb T`û+Bb2 /2b HB2Mb �m b2BM /m +QKTH2t2 X X X X X jj
RXRXk AMi`Q;`2bbBQMb HQ+�H2b 2i xQM2b /2 i2MbBQM X X X X X X X X X X X X X X X X j9
RXRXj _ûbmKû X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j9

RXk �`iB+H2 R X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j8

kXR *QMi2ti2 2i `ûbmKû /2 HǶûim/2 X X X X X X X X X X X X X X X X X X X X X X X X X X dd
kXRXR .û+Qmp2`i2 /ǶBMi`Q/m+iBQMb BMi`�@2m`QTû2MM2b X X X X X X X X X X X X X dd
kXRXk G2b HB;Mû2b /2 T2m bQmp2Mi B/2MiB}û2b X X X X X X X d3
kXRXj G2b TQ`ib , TQBMib +?�m/b 2i TQMib /ǶBMp�bBQM X X X X X X X X X X X X X X dN
kXRX9 _ûbmKû X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3y

kXk �`iB+H2 k X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3y

jXR *QMi2ti2 2i `ûbmKû /2 HǶûim/2 X X X X X X X X X X X X X X X X X X X X X X X X X X RdR
jXRXR .2b +�`i2b /2 THmb 2M THmb T`û+Bb2b /2 HǶ�/KBtim`2 X X X X X X X X X X X RdR
jXRXk oBbBQM ;ûMQKB[m2 /2b �/KBtim`2b 2Mi`2 2bTĕ+2b /m +QKTH2t2 Rdk
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jXRXj _ûbmKû X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rdk
jXk �`iB+H2 j X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rdj

9XR *QMi2ti2 2i `ûbmKû /2 HǶûim/2 X X X X X X X X X X X X X X X X X X X X X X X X X X kyd
9XRXR JQ/ĕH2b /ǶBbQH2K2Mi ;ûMûiB[m2 +H�bbB[m2b 7�+2 �mt Q#b2`p�iBQMb X X X X kyd
9XRXk S�bb�;2 ¨ mM2 pBbBQM TQHv;ûMB[m2 X X X X X X X X X X X X X X X X X X X X ky3
9XRXj _ûbmKû X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kyN

9Xk �`iB+H2 9 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kyN

8XR G� +QMiBMmBiû /m +QKTH2t2 /Ƕ2bTĕ+2b X X X X X X X X X X X X X X X X X X k8d
8Xk G2b KQmH2b /2b /Q+Fb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k8N

8XkXR lM2 BMp�bBQM 2M /2p2MB` Qm 2bi@+2 /ûD¨ H2 +�b \ X X X X X X X X X X X X X k8N
8XkXk *2HH2 /QMi BH M2 7�mi T�b T`QMQM+2` H2 MQK , HǶ2bTĕ+2 ?v#`B/2 \ X X X X X keR

8Xj lM BKT�+i ;ûMûiB[m2 \ SQHHmiBQM ;ûMûiB[m2- +QMb2`p�iBQM 2i ;2biBQM X X X X X X kej
8X9 *QMbB/û`�iBQMb i?ûQ`B[m2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X ke8

8X9XR _ûbQHmiBQM /2 HǶ�/KBtim`2 X X X X X X X X X X X X X X X X X X X X X X X X ke8
8X9Xk .2p2MB` /ǶmM �HHĕH2 BMi`Q/mBi X X X X X X X X X X X X X X X X X X X X X X X kee

8X8 JQmH2 /2b /Q+Fb- p2+i2m` /ǶmM T�`�bBi2 /ǶmM MQmp2�m ;2M`2 \ X X X X X X X X X keN
8Xe *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kdR
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G� bTû+B�iBQM 2bi mM T`Q+2bbmb ;`�/m2H K2M�Mi ¨ H� bûT�`�iBQM /ǶmM2 2bTĕ+2 2M /2mt 2MiBiûb

/BbiBM+i2b M2 TQmp�Mi THmb û+?�M;2` /2 K�iû`B2H ;ûMûiB[m2 UBX2X /2mt 2bTĕ+2bVX *2 T`Q+2bbmb

2bi ;ûMû`û T�` mM 2Mb2K#H2 KmHiB7�+iQ`B2H /2 Kû+�MBbK2b /ǶBbQH2K2Mi `2T`Q/m+iB7- `2M/�Mi

+QKTH2t2 b� +QKT`û?2MbBQM 2i bQM ûim/2X .m`�Mi H� bTû+B�iBQM- /2mt HB;Mû2b T�bb2Mi T�` mM

bi�/2 /ǶBbQH2K2Mi `2T`Q/m+iB7 T�`iB2H Ĝ KBb ¨ HǶûT`2mp2 HQ`b /Ƕ?v#`B/�iBQMb M�im`2HH2b Qm MQM Ĝ

+Q``2bTQM/�Mi ¨ +2 [m2 HǶQM T2mi �TT2H2` H� Ŀ xQM2 ;`Bb2 ŀ /2 H� bTû+B�iBQM U.2 Zm2B`Qx kyyd c

_Qmt 2i �HX kyReVX GǶBbQH2K2Mi `2T`Q/m+iB7 T2mi āi`2 /û}MBi +QKK2 HǶ�#b2M+2 /2 ~mt /2 ;ĕM2b-

/m2 ¨ HǶBMpB�#BHBiû Qm HǶBM72`iBHBiû /2b ?v#`B/2b Qm ¨ H� `�`2iû /2 H2m` 7Q`K�iBQM U"�`iQM 2i >2rBii

RN38VX G2 i2bi /2 +2i BbQH2K2Mi Mû+2bbBi2 /2b ûpĕM2K2Mib /Ƕ?v#`B/�iBQM 2Mi`2 /2b BM/BpB/mb /2

/2mt TQTmH�iBQMb ;ûMûiB[m2K2Mi /BbiBM+i2b- bQBi /�Mb H� M�im`2- bQBi �m H�#Q`�iQB`2X

G� bTû+B�iBQM b2 /û`QmH2 `�`2K2Mi /2 K�MBĕ`2 iQi�H2K2Mi �HHQT�i`B[m2 Qm BMbi�Mi�Mû2X �BMbB-

HǶ?v#`B/�iBQM 2bi mM T?ûMQKĕM2 +Qm`�Mi HQ`b /2 +2 T`Q+2bbmb U�##Qii 2i �HX kyRjVX GǶ�/KBtim`2

/ûbB;M2 H� `ûbmHi�Mi2 /2 HǶ?v#`B/�iBQM ¨ HǶû+?2HH2 TQTmH�iBQMM2HH2- BX2X H2 KûH�M;2 /2 K�iû`B2H

;ûMûiB[m2 �m b2BM /ǶmM KāK2 ;ûMQK2X �}M /2 +QKT`2M/`2 +2 [mB HBKBi2 H2 ~mt ;ûMB[m2 2Mi`2

/2mt TQTmH�iBQMb- BH 2bi Mû+2bb�B`2 /Ƕûim/B2` H� p�H2m` bûH2+iBp2 /2b ?v#`B/2b �BMbB [m2 H2 `ûbmHi�i

/ǶûpĕM2K2Mib /Ƕ�/KBtim`2 �v�Mi ûiû bQmKBb ¨ H� bûH2+iBQMX G2b xQM2b /2 +QMi�+i 2Mi`2 /2mt

TQTmH�iBQMb /Bp2`;2Mi2b- b2+QM/�B`2b Qm BMBiB�H2b- bQMi /2b H�#Q`�iQB`2b M�im`2Hb /2 H� bTû+B�iBQM

U>2rBii RN33VX .�Mb +2b xQM2b /2 +QMi�+ib- �TT2Hû2b �mbbB xQM2b /Ƕ?v#`B/�iBQM- /2b 2Mb2K#H2b

/2 ;ĕM2b �v�Mi /Bp2`;û bQMi KûH�M;ûb T�` HǶ�+iBQM /2 HǶ?v#`B/�iBQM 2i /2 H� `2+QK#BM�BbQM- 2i

H2b MQmp2HH2b +QK#BM�BbQMb �BMbB +`ûû2b bQMi i2biû2b T�` H� bûH2+iBQM M�im`2HH2X

G2 ~mt /2 ;ĕM2b 2bi /ûT2M/�Mi /2 7�+i2m`b ;ûMûiB[m2b- T?ûMQivTB[m2b- /ûKQ;`�T?B[m2b-

bT�iB�mt 2i 2MpB`QMM2K2Mi�mt U6B;m`2 RVX GǶBbQH2K2Mi `2T`Q/m+iB7 T2mi b2 /û}MB` bm` /2mt �t2b

K�DQ`Bi�B`2b , UBV H� Tû`BQ/2 /m +v+H2 /2 pB2 /2 HǶQ`;�MBbK2 /m`�Mi H�[m2HH2 BH bǶ2tT`BK2- bQmp2Mi
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+H�bbB}û2 2Mi`2 T`û@xv;QiB[m2 U�p�Mi H� 7û+QM/�iBQMV 2i TQbi@xv;QiB[m2 U�T`ĕb H� 7û+QM/�iBQMV-

2i UBBV H� /ûT2M/�M+2 ¨ HǶ2MpB`QMM2K2Mi- bQmb H� /B+?QiQKB2 BMi`BMbĕ[m2 2i 2ti`BMbĕ[m2 UQm

2M/Q;ĕM2f2tQ;ĕM2VX *QKT`2M/`2 H� bTû+B�iBQM- +Ƕ2bi T`BM+BT�H2K2Mi B/2MiB}2` [m2HH2b bQMi H2b

#�``Bĕ`2b �mt ~mt ;ûMB[m2b- �+im2Hb 2i T�bbûb- 2i +QKT`2M/`2 +QKK2Mi 2HH2b b2 bQMi KBb2b 2M

TH�+2 �m +Qm`b /m i2KTbX �m +Qm`b /m ssĕK2 bBĕ+H2- mM MQK#`2 BKTQ`i�Mi /2 KQ/ĕH2b QMi ûiû

/ûp2HQTTûb TQm` i2bi2` H� +QMi`B#miBQM /2b /Bzû`2Mib Kû+�MBbK2b ¨ H� bTû+B�iBQM UEB`FT�i`B+F

2i _�pB;Mû kyykVX

GǶBbQH2K2Mi T`û@xv;QiB[m2 +QKT`2M/ H2b Kû+�MBbK2b û+QHQ;B[m2b- b2tm2Hb- +QKTQ`i2K2M@

i�mt 2i #BQHQ;B[m2b HBKBi�Mi H2b TQbbB#BHBiûb /2 7û+QM/�iBQM 2Mi`2 H2b ;�Kĕi2b /ǶBM/BpB/mb /2

TQTmH�iBQMb /Bzû`2Mi2b U6B;m`2 R#VX GǶ�#b2M+2 /ǶmM ûpĕM2K2Mi /2 `2T`Q/m+iBQM p� āi`2 mM

7�+i2m` +Hû /m T`Q+2bbmb /ǶBbQH2K2Mi `2T`Q/m+iB7- [mB p� QTû`2` mM2 HBKBi�iBQM /m ~mt /2 ;ĕM2b

bm` HǶ2Mb2K#H2 /m ;ûMQK2X

GǶBbQH2K2Mi TQbi@xv;QiB[m2 `2TQb2 bm` mM2 +QMi`2 bûH2+iBQM /2b ?v#`B/2b- HBû2 Qm MQM ¨

HǶ2MpB`QMM2K2Mi U6B;m`2 R�VX *2`i�BM2b +QK#BM�BbQMb ;ûMûiB[m2b +`ûû2b T�` H� `2+QK#BM�BbQM

/2b ;ûMQK2b T�`2Mi�mt MǶ�`#Q`2`QMi T�b 7Q`+ûK2Mi H2b 7�+i2m`b ;ûMûiB[m2b `2bTQMb�#H2b /2 +2i

BbQH2K2Mi c 2HH2b pQMi TQmpQB` bm`pBp`2 2i �BMbB T2`K2ii`2 mM +2`i�BM MBp2�m /2 ~mt ;ûMB[m2X

*2b ;ûMQivT2b ?v#`B/2b /2 p�H2m` bûH2+iBp2 T`Q+?2 /2 +2HH2 /2b T�`2Mib +QMbiBim2Mi /2b TQMib

2KT`mMiûb T�` H2b �HHĕH2b /ǶmM2 TQTmH�iBQM T�`2Mi�H2 TQm` T�bb2` /�Mb HǶ�mi`2 TQTmH�iBQM T�@

`2Mi�H2X GǶûim/2 /2 H� p�H2m` bûH2+iBp2 /ǶmM2 /Bp2`bBiû /2 ;ûMQivT2b ?v#`B/2b 2bi mM bmD2i /2

`2+?2`+?2 +Hû /�Mb H� +QKT`û?2MbBQM /2 H� bûH2+iBQM TQbi@xv;QiB[m2 Uhm`2HHB 2i P`` kyyyVX G2

MBp2�m /2 ~mt /2 ;ĕM2b p� āi`2 2MiBĕ`2K2Mi /ûT2M/�Mi /2 H� 7Q`+2 /2 bûH2+iBQM- /2b BMi2`�+@

iBQMb ûTBbi�iB[m2b TQbbB#H2b 2i /2 HǶ�`+?Bi2+im`2 /2b BM+QKT�iB#BHBiûbX .2 K�MBĕ`2 bBKTHB}û2- mM

HQ+mb +QMi`B#m�Mi ¨ H� +QMi`2 bûH2+iBQM /2b ?v#`B/2b +`û2`� mM2 /BKBMmiBQM /m ~mt /2 ;ĕM2b

�miQm` /2 b� TQbBiBQM bm` H2 +?`QKQbQK2- 2i bQM BM~m2M+2 /BKBMm2`� �p2+ H� /Bbi�M+2 ;ûMû@

iB[m2 U6B;m`2 R�VX GQ`b[mǶmM MQK#`2 bm{b�Mi /2 HQ+mb /2MbûK2Mi TQbBiBQMMûb bm` H2 ;ûMQK2

+QK#BM2Mi H2m`b 2z2ib- H� #�``Bĕ`2 T2mi /2p2MB` ;ûMQKB[m2 U"�`iQM RN3j c "�`iQM 2i "2M;ibbQM

RN3e c E`mmF 2i �HX RNNNV #B2M [m2 HǶ2z2i `2bi2 THmb 7Q`i �miQm` /2b HQ+mb #�``Bĕ`2bX *2T2M@

/�Mi- H2 ~mt /2 ;ĕM2b `2bi2 TQbbB#H2 HQBM /2b HQ+mb #�``Bĕ`2b pB� HǶ?v#`B/�iBQM- BX2X i�Mi [m2 H2b

`ûi`Q@+`QBb2K2Mib U - "*V `2bi2Mi TQbbB#H2b- KāK2 bǶBHb bQMi 2M 7�B#H2 7`û[m2M+2 2i

7Q`i2K2Mi +QMi`2@bûH2+iBQMMûbX

.Bzû`2Mib Kû+�MBbK2b /ǶBbQH2K2Mi `2T`Q/m+iB7 T2mp2Mi �;B` /2 +QM+2`iX 1Mi`2 +2`i�BM2b

2bTĕ+2b /ǶQm`bBMb T�` 2t2KTH2- BH 2tBbi2 /2b BM+QKT�iB#BHBiûb ;�KûiB[m2b +QMi`B#m�Mi ¨ HǶBbQ@

H2K2Mi `2T`Q/m+iB7 UG2bbBQb kyyNVX *2b BM+QKT�iB#BHBiûb bQMi MQi�KK2Mi HBû2b ¨ mM2 T`QiûBM2

/2 bm`7�+2 /m bT2`K2- - Mû+2bb�B`2 ¨ H� `2+QMM�Bbb�M+2 2i H� 7mbBQM �p2+ H� K2K#`�M2

QpmH�B`2 UwB;H2` 2i �HX kyy8 c G2bbBQb kyyNVX aǶ�DQmi2 bQmp2Mi ¨ +2i BbQH2K2Mi T`û@xv;QiB[m2-

/2b `û/m+iBQMb /2 bm`pB2 Qm /2 +�T�+Biû `2T`Q/m+iBp2 /2b ?v#`B/2b- +Q``ûHûb �p2+ H2 i2KTb /2

/Bp2`;2M+2 2Mi`2 2bTĕ+2b UG2bbBQb kyyNVX

GǶBbQH2K2Mi `2T`Q/m+iB7 � ûiû #2�m+QmT ûim/Bû +?2x H2b bQm`Bb /QK2biB[m2bX lM2 xQM2 /Ƕ?v@

#`B/�iBQM ûi`QBi2 2Mi`2 2i bǶûi2M/ /m .�M2K�`F ¨

k





a+ûM�`BQb /ǶBbQH2K2Mi +H�bbB[m2b
miBHBbûb /�Mb H2b KQ/ĕH2b /ǶBM7û`2M+2 /ûKQ;`�@
T?B[m2X aA , BbQH2K2Mi bi`B+i c �J , BbQH2K2Mi
�p2+ KB;`�iBQM c AJ , KB;`�iBQM +QMbi�Mi2 c a* ,
+QMi�+i b2+QM/�B`2X Tsplit , MQK#`2 /2 ;ûMû`�@
iBQMb /2TmBb HǶûpĕM2K2Mi /2 bTû+B�iBQM c TAM ,
MQK#`2 /2 ;ûMû`�iBQMb /2TmBb HǶ�``āi /2 H� KB@
;`�iBQM c TSC , MQK#`2 /2 ;ûMû`�iBQMb /2TmBb
H2 /û#mi /m +QMi�+i b2+QM/�B`2X GǶ�bT2+i /û@
KQ;`�T?B[m2 2bi +QMi`ƬHû T�` H2b i�BHH2b /2 TQ@
TmH�iBQMb UNV i�M/Bb [m2 H2 ~mt /2 ;ĕM2b 2bi
+QMi`ƬHû T�` H2b i�mt /2 KB;`�iBQM U~ĕ+?2b
`Qm;2bV [mB T2mp2Mi āi`2 �bvKûi`B[m2bX hB`û2
/2 _Qmt 2i �HX UkyReVX

H� "mH;�`B2- 7Q`Kû2 HQ`b /ǶmM +QMi�+i b2+QM/�B`2 2Mi`2 +2b /2mt bQmb@2bTĕ+2b U.mp�mt 2i �HX

kyRR c J�+?QH�M 2i �HX kyRRVX G2 K�BMiB2M /2 +2ii2 xQM2 /2 i2MbBQM 7�Bi BMi2`p2MB` /2b Kû@

+�MBbK2b /2 +?QBt /2 T�`i2M�B`2 UaK�/D� 2i :�M2K kyy8V- �BMbB [m2 /2 H� biû`BHBiû K�H2 2i

/2b `û/m+iBQMb /2 72`iBHBiû 72K2HH2 2M 6R U+`QBb2K2Mi /2 T`2KBĕ`2 ;ûMû`�iBQM c aiQ`+?Qp� 2i �HX

kyy9 c "`BiiQM@.�pB/B�M 2i �HX kyy8 c G�`bQM 2i �HX kyR3VX

G2b b+ûM�`BQb 2MpBb�;ûb TQm` 2tTHB[m2` H� bTû+B�iBQM QMi `2+Qm`b ¨ +2b /Bzû`2Mib Kû+�@

MBbK2b- �bbQ+Bûb ¨ mM2 ?BbiQB`2 /2 /Bp2`;2M+2 /�Mb /2b +QMi2ti2b ;ûQ;`�T?B[m2b /Bzû`2MibX PM

� +QmimK2 /2 bûT�`2` H2b b+ûM�`BQb /2 bTû+B�iBQM 2M /2mt ;`�M/b KQ/2b , �p2+ Qm b�Mb ~mt /2

;ĕM2bX

G2 b+ûM�`BQ H2 THmb bBKTH2 [m2 HǶQM TmBbb2 2MpBb�;2` biQTT�Mi H2 ~mt /2 ;ĕM2b- 2bi HǶ�HHQT�i`B2

UTQmp�Mi +Q``2bTQM/`2 �m KQ/ĕH2 aA 6B;m`2 kVX G� bTû+B�iBQM �HHQT�i`B[m2 7�Bi �TT2H ¨ mM2

T`2KBĕ`2 #�``Bĕ`2 2ti`BMbĕ[m2- bQmp2Mi bT�iB�H2 +QKK2 H� pB+�`B�M+2 2Mi`2 /2mt TQTmH�iBQMb-

T2`K2ii�Mi HǶ�++mKmH�iBQM /2 Kmi�iBQMb /�Mb H2b /2mt HB;Mû2bX G2b p�`B�iBQMb �BMbB }tû2b bǶ�+@

+mKmH2Mi �p2+ H2 i2KTb 2i T2mp2Mi +QMi`B#m2` ¨ /2b BM+QKT�iB#BHBiûb U;ûMûiB[m2b Qm T?ûMQiv@

TB[m2bV HBKBi�Mi H� `2T`Q/m+iBQM Qm H� bm`pB2 /2b ?v#`B/2b U6B;m`2 RVX G� TQHvTHQś/Bb�iBQM /m

;ûMQK2 2bi mM �mi`2 Kû+�MBbK2 2Mi`�ŗM�Mi mM �``āi /m ~mt /2 ;ĕM2b- THmb bQmp2Mi Q#b2`pû

+?2x H2b TH�Mi2b UP`` RNNy c pQB` Si�+2F 2i �HX RNN9 TQm` mM 2t2KTH2 �MBK�HVX

GQ`b[m2 HǶBbQH2K2Mi ;ûQ;`�T?B[m2 Qm T`û@xv;QiB[m2 2bi BM+QKTH2i- mM +2`i�BM MBp2�m /2

~mt /2 ;ĕM2b 2bi TQbbB#H2 �m +Qm`b /m T`Q+2bbmb /2 bTû+B�iBQMX G2 ~mt /2 ;ĕM2b T2mi āi`2

T`ûb2Mi /2TmBb H2 /û#mi /2 H� bTû+B�iBQM U6B;m`2 k- AJV- b2mH2K2Mi �m /û#mi /m T`Q+2bbmb

U�JV Qm `û@�TT�`�ŗi`2 �T`ĕb mM2 Tû`BQ/2 /ǶBbQH2K2Mi Ua*VX G2b ivT2b /2 b+ûM�`BQb T2mp2Mi
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AMi`Q/m+iBQM

āi`2 +QKTH2tB}ûb- T�` 2t2KTH2 2M +QMbB/û`�Mi /2b TmHb2b Tû`BQ/B[m2b /2 KB;`�iBQM U2X;X *?`Bbi2

2i �HX kyRd c .m`�MiQM 2i �HX kyR3VX

G2b #�b2b ;ûMûiB[m2b HBKBi�Mi H2 ~mt /2 ;ĕM2b 2Mi`2 2bTĕ+2b M�Bbb�Mi2b bQMi �m +ƾm` /2b

/Bzû`2Mib b+ûM�`BQb /2 bTû+B�iBQMX GǶ�++mKmH�iBQM /2 Kmi�iBQMb +QMi`B#m2 ¨ H� /Bp2`;2M+2 2Mi`2

TQTmH�iBQMb 2i +QMbiBim2 H� #�b2 bm` H�[m2HH2 /2b Kû+�MBbK2b /ǶBbQH2K2Mi T2mp2Mi �TT�`�ŗi`2

U1M+�/`û RVX

G� /Bp2`;2M+2 T2mi b2 +QMbi`mB`2 bm` H� b2mH2 #�b2 /m ?�b�`/ HBû �m +�`�+iĕ`2 }MB /2b

TQTmH�iBQMb- [mB +Q``2bTQM/ ¨ H� /û`Bp2 ;ûMûiB[m2 U1M+�/`û RVX h?ûQ`B[m2K2Mi- HǶ�++mKmH�iBQM

/ǶmM MQK#`2 BKTQ`i�Mi /2 /Bzû`2M+2b HBû2b ¨ HǶ?Q`HQ;2 KQHû+mH�B`2 2i bQM K�BMiB2M- `2[mB2`i

mM2 #�``Bĕ`2 �m ~mt /2 ;ĕM2b 2i mM i2KTb BKTQ`i�MiX G� bTû+B�iBQM T�` 2z2i /2 7QM/�iBQM 2bi

HǶmM /2b KQ/ĕH2b #�bû bm` H� /û`Bp2 ;ûMûiB[m2 U:�p`BH2ib 2i >�biBM;b RNNe c h2KTH2iQM kyy3V-

#B2M [m2 +2`i�BMb �mi2m`b H2 +QMbB/ĕ`2 +QKK2 `�`2 2i T2m T`Q#�#H2 U*QvM2 2i P`` kyy9VX

G� bûH2+iBQM M�im`2HH2 T2`K2i /ǶmM �mi`2 +Ƭiû /Ƕ2MpBb�;2` /2b b+ûM�`BQb /2 bTû+B�iBQM b2

+H�bb�Mi 2M /2mt ;`�M/2b +�iû;Q`B2b , H� bTû+B�iBQM û+QHQ;B[m2 2i H� bTû+B�iBQM T�` Q`/`2 /2b

Kmi�iBQMb U c a+?Hmi2` kyyNVX G� bTû+B�iBQM û+QHQ;B[m2 `2TQb2 bm` H�

KBb2 2M TH�+2 /ǶBbQH2K2Mi `2T`Q/m+iB7 +QKK2 bQmb@T`Q/mBi /2 H� /Bp2`;2M+2 �/�Ti�iBp2 ULQbBH

kyRkVX .�Mb +?�+mM /2b 2MpB`QMM2K2Mib `2M+QMi`ûb T�` THmbB2m`b TQTmH�iBQMb- /Bzû`2Mib �HHĕH2b

T2mp2Mi āi`2 bûH2+iBQMMûb 2i �BMbB K2M2` ¨ /2b Kû+�MBbK2b /ǶBbQH2K2Mi T`û@ Qm TQbi@xv;QiB[m2bX

lM 2t2KTH2 BMiû`2bb�Mi /2 bTû+B�iBQM û+QHQ;B[m2 � `û+2KK2Mi ûiû /û+`Bi +?2x /2b b+�`�#û2b

/2 K�`�Bb b�H�Mib U V T�` o�M "2HH2;?2K 2i �HX UkyR3VX .�Mb +2 bvbiĕK2-

/2mt û+QivT2b +Q@2tBbi2MiX G2 T`2KB2` � mM T?ûMQivT2 /2 T2iBi2 i�BHH2 �p2+ /2b �BH2b +Qm`i2b

�v�Mi mM +QKTQ`i2K2Mi /2 bm#K2`;2K2Mi �bbQ+Bû �mt K�`�Bb b�H�Mib bQmKBb �mt K�`û2bX G2

/2mtBĕK2 � mM T?ûMQivT2 �p2+ /2b �BH2b HQM;m2b HmB T2`K2ii�Mi mM2 /BbT2`bBQM THmb BKTQ`i�Mi2

2i 2bi �bbQ+Bû ¨ /2b 2MpB`QMM2K2Mib BMQM/ûb /2 K�MBĕ`2 b�BbQMMBĕ`2 b�Mb /m`û2 T`ûpBbB#H2X o�M

"2HH2;?2K 2i �HX UkyR3V KQMi`2Mi [m2 H2b �HHĕH2b +QM7û`�Mi H2b �/�Ti�iBQMb HQ+�H2b bQMi �M+B2Mb

U∼RNy KBHH2 �MbV 2i QMi ûiû `û+2KK2Mi `2T`QT�;ûb T�` H� bûH2+iBQM �T`ĕb mM ûpĕM2K2Mi /2

+QMi�+i b2+QM/�B`2 2i /Ƕ2tT�MbBQM bmBp�Mi H2 /2`MB2` K�tBKmK ;H�+B�B`2X G2 i`B bT�iB�H ;ûMû`û T�`

+2b �/�Ti�iBQMb +QMi`B#m2 ¨ HǶBbQH2K2Mi T`û@xv;QiB[m2 2Mi`2 H2b /2mt û+QivT2b Uo�M "2HH2;?2K

2i �HX kyReVX

G� bTû+B�iBQM T�` Q`/`2 /2b Kmi�iBQMb 2bi /û}MB2 +QKK2 HǶ�TT�`BiBQM 2i H� }t�iBQM /Ƕ�H@

HĕH2b /Bzû`2Mib 2Mi`2 TQTmH�iBQMb bǶ�/�Ti�Mi ¨ mM2 KāK2 T`2bbBQM /2 bûH2+iBQM UJ�MB 2i *H�`F2

RNNyVX .�Mb +2 b+ûM�`BQ- HǶQ`/`2 /Ƕ�TT�`BiBQM /2b Kmi�iBQMb T2mi BM~m2M+2` H2b p�`B�Mib [mB

pQMi �ii2BM/`2 H� }t�iBQMX S�` 2t2KTH2- +?2x - BH 2tBbi2 /2b +�b /2 biû`BHBiû K�H2 +viQ@

TH�bKB[m2- HBû ¨ mM `û�``�M;2K2Mi /m ;ûMQK2 KBiQ+?QM/`B�H- 2i /ǶmM �HHĕH2 Mm+Hû�B`2 `2bi�m`�Mi
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G� /ûp2HQTTû2 T�` JQiQQ EBKm`� URNe3V 2bi K�BMi2M�Mi H�`;2K2Mi

�++2Tiû2 2i miBHBbû2 +QKK2 ?vTQi?ĕb2 MmHH2 /2 HǶûpQHmiBQM KQHû+mH�B`2X 1HH2 K2i 2M �p�Mi

[m2 Ŀ H� ;`�M/2 K�DQ`Biû /2b bm#biBimiBQMb M2 bQMi T�b +�mbû2b T�` /2 H� bûH2+iBQM TQbBiBp2

.�`rBMB2MM2 K�Bb T�` H� }t�iBQM �Hû�iQB`2 /2 Kmi�Mib bûH2+iBp2K2Mi M2mi`2b Qm [m�bB

M2mi`2b ŀ UEBKm`� RN3j- TX jyeVX

*2ii2 T`2KBĕ`2 7Q`+2 ûpQHmiBp2 +QMi`B#m�Mi ¨ H� ~m+im�iBQM /2b 7`û[m2M+2b �HHûHB[m2b-

/m2 �m iB`�;2 �Hû�iQB`2 /2b ;ûMQivT2b /ǶmM2 ;ûMû`�iBQM ¨ HǶ�mi`2- 2bi �TT2Hû2

X G� p�`B�iBQM /2b 7`û[m2M+2b �HHûHB[m2b ¨ +?�[m2 ;ûMû`�iBQM 2bi BMp2`b2K2Mi

T`QTQ`iBQMM2HH2 ¨ H� i�BHH2 2{+�+2 /2 H� TQTmH�iBQM UMQiû2 NeVX G2 TQHvKQ`T?BbK2 M2mi`2

T`ûb2Mi /�Mb mM2 TQTmH�iBQM /ûT2M/�Mi /2 H� /m`û2 /2 pB2 /ǶmM2 Kmi�iBQM /�Mb H�

TQTmH�iBQM- /B`2+i2K2Mi HBû ¨ NeX *2T2M/�Mi H2 i�mt /2 bm#biBimiBQM M2mi`2 MǶ2bi T�b

/ûT2M/�Mi /2 Ne 2i MǶ2bi /ûT2M/�Mi [m2 /m i�mt /2 Kmi�iBQM UµV- +Q``2bTQM/�Mi ¨

HǶ?Q`HQ;2 KQHû+mH�B`2X

hQKQFQ P?i� T`QTQb� 2M RNdj mM2 2ti2MbBQM /2 +2 KQ/ĕH2X G� i?ûQ`B2 T`2b[m2 M2mi`2 /2

HǶûpQHmiBQM KQHû+mH�B`2 T`2M/ 2M +QKTi2 [mǶmM2 T�`iB2 /2b Kmi�iBQMb 7�B#H2K2Mi /ûHûiĕ`2b

H2 bQMi �bb2x TQm` b2 +QKTQ`i2` +QKK2 M2mi`2b /�Mb /2b TQTmH�iBQMb �bb2x ;`�M/2bX 1M

2z2i- H� T`Q#�#BHBiû /2 }t�iBQM /ǶmM2 Kmi�iBQM ûi�Mi /ûT2M/�Mi2 /2 H� i�BHH2 2z2+iBp2

/2 H� TQTmH�iBQM UNeV- mM2 Kmi�iBQM /QBi �pQB` mM +Q2{+B2Mi bmTû`B2m` ¨ 1/Ne TQm`

āi`2 2{+�+2K2Mi +QMi`2@bûH2+iBQMMû2X AH 2M `ûbmHi2 [mǶmM2 TQTmH�iBQM /2 T2iBi2 i�BHH2 UQm

T�bb�Mi T�` mM ;QmHQi /Ƕûi`�M;H2K2Mi /ûKQ;`�T?B[m2V p� }t2` mM MQK#`2 THmb ûH2pû /2

Kmi�iBQMb 7�B#H2K2Mi /ûHûiĕ`2bX

G� p�H2m` bûH2+iBp2 /ǶmM2 Kmi�iBQM p� /ûT2M/`2 /2 bQM 2z2i KQHû+mH�B`2 2i T?ûMQivTB[m2X

"B2M [m2 H� /Bbi`B#miBQM /2b 2z2ib /2 p�H2m` bûH2+iBp2 U.61 TQm`

V bQBi /2Mb2 �miQm` /2 xû`Q UBX2X M2mi`2 Qm [m�bB M2mi`2V- HQ`b[mǶmM2 Kmi�iBQM �

/2b 2z2ib /ûHûiĕ`2b Qm TQbBiB7b bm{b�Mib TQm` û+?�TT2` ¨ HǶ2z2i /2 H� /û`Bp2 ;ûMûiB[m2- H�

bûH2+iBQM M�im`2HH2 p� 2Mi`2` 2M D2mX G� 2bi /B`2+iBQMM2HH2 2i bQM 2z2i

bm` H� p�`B�iBQM /2b 7`û[m2M+2b �HHûHB[m2b 2bi /Ƕ�mi�Mi THmb BKTQ`i�Mi [m2 H2 +Q2{+B2Mi

/2 bûH2+iBQM UbQmp2Mi MQiû sV 2bi BKTQ`i�MiX SQm` û+?�TT2` ¨ HǶ2z2i /2 H� /û`Bp2- |s|

/2p`� āi`2 #B2M bmTû`B2m` ¨ 1/NeX

S�` 2z2i /2 #Q`/ /ȿ ¨ H� HB�BbQM 2Mi`2 bBi2b ;ûMQKB[m2b T`Q+?2b- HǶ2z2i /2 H� bûH2+iBQM

M�im`2HH2 M2 p� T�b b2mH2K2Mi BM~m2M+2` H� Kmi�iBQM /B`2+i2K2Mi bQmb bûH2+iBQM- K�Bb

p� �mbbB 2Mi`�ŗM2` mM �miQ@biQT ;ûMûiB[m2 /2b TQbBiBQMb pQBbBM2bX G�

p� �HQ`b �pQB` THmbB2m`b 2z2ib TQbbB#H2b bm` H2 TQHvKQ`T?BbK2X S�`KB +2b 2z2ib- QM T2mi

+Bi2` H2b BMi2`7û`2M+2b /2 >BHH@_Q#2`ibQM U>BHH 2i _Q#2`ibQM RNeeV- H� bûH2+iBQM /Ƕ�``Bĕ`2@

TH�M U*?�`H2brQ`i? 2i �HX RNNjV Qm 2M+Q`2 H2 #�H�v�;2 bûH2+iB7 UJ�vM�`/@aKBi? 2i >�B;?

RNd9VX
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AMi`Q/m+iBQM

H� 72`iBHBiû- ;ûMû`�Mi mM2 BM+QKT�iB#BHBiû 2Mi`2 mM2 TQTmH�iBQM /2 2i

U*�b2 2i qBHHBb kyy3VX lM2 TQTmH�iBQM /2 TQbbĕ/2 mM ?�THQivT2 +viQTH�bKB[m2

;ûMû`�Mi /2 H� biû`BHBiû K�H2- K�Bb +QKT2Mbû T�` mM �HHĕH2 Mm+Hû�B`2- i�M/Bb [m2 HǶ2bTĕ+2

M2 TQbbĕ/2 �m+mM /2b /2mtX

§ H�`;2 û+?2HH2 ;ûMQKB[m2- /2b KQ/B}+�iBQMb bi`m+im`�H2b /2b ;ûMQK2b T2mp2Mi iQmi /Ƕ�#Q`/

2tTHB[m2` +2`i�BM2b BM+QKT�iB#BHBiûb TQbi@xv;QiB[m2bX *2b KQ/B}+�iBQMb +QKT`2MM2Mi /2b 7m@

bBQMb- }bbBQMb- i`�MbHQ+�iBQMb- BMp2`bBQMb Qm 2M+Q`2 /2b /mTHB+�iBQMbX G2 Kû+�MBbK2 HBKBi�Mi H2

~mt /2 ;ĕM2b p� bQmp2Mi āi`2 HBû �m T`Q+2bbmb /2 H� KûBQb2 2i /2 H� `2+QK#BM�BbQM USB�H2F

2i �HX kyy8 c EB`FT�i`B+F 2i "�`iQM kyyeVX 1M 2z2i- +2`i�BM2b KQ/B}+�iBQMb bi`m+im`�H2b pQMi

āi`2 i`QT BKTQ`i�Mi2b TQm` T2`K2ii`2 /2b �TT�`B2K2Mib +Q``2+ib HQ`b /2 H� KûBQb2- `2M/�Mi H2b

?v#`B/2b biû`BH2b- +QKK2 /�Mb H2 +�b /m KmH2iX .2 K�MBĕ`2 KQBMb /B`2+i2- H2b KQ/B}+�iBQMb

bi`m+im`�H2b T2mp2Mi �mbbB HBKBi2` H� `2+QK#BM�BbQM /�Mb +2`i�BM2b T�`iB2b /m ;ûMQK2- HBKBi�Mi

H2 ~mt /2 ;ĕM2b HQ+�H2K2Mi- +QKK2 +2H� T2mi āi`2 H2 +�b HQ`b /ǶmM2 BMp2`bBQM +?`QKQbQKB[m2

UEB`FT�i`B+F 2i "�`iQM kyyeVX § HǶBK�;2 /2b Kmi�iBQMb- H2b BMp2`bBQMb T2mp2Mi /2 THmb �pQB`

/2b 2z2ib Mû;�iB7b ¨ HǶûi�i ?ûiû`Qxv;Qi2- +QMi`B#m�Mi ¨ HǶBbQH2K2Mi TQbi@xv;QiB[m2 UKQ/ĕH2 /2

bQmb@/QKBM�M+2VX 6BM�H2K2Mi- H2b /mTHB+�iBQMb /m ;ûMQK2 Qm /2 +2`i�BMb +?`QKQbQK2b T2mp2Mi

�mbbB 2Mi`�ŗM2` /2b BM+QKT�iB#BHBiûb bQBi bi`m+im`�H2b- bQBi T�` `ûbQHmiBQM /Bp2`;2Mi2 U¨ HǶû+?2HH2

/m ;ĕM2VX .�Mb mM2 `ûbQHmiBQM /Bp2`;2Mi2- HǶmM2 /2b /2mt +QTB2b /ǶmM ;ĕM2 T2mi āi`2 BM�+iBpû2X

aB +2ii2 +QTB2 MǶ2bi T�b H� KāK2 /�Mb /2mt TQTmH�iBQMb- mM2 T�`iB2 /2b ?v#`B/2b Bbbmb /ǶmM

+`QBb2K2Mi b2`QMi /ûTQm`pmb /2 iQmi2 p2`bBQM �+iBp2 /m ;ĕM2 UJ+:`�i? 2i �HX kyR9VX

.ĕb H2 /û#mi /m ss bBĕ+H2- QM b2 /2K�M/�Bi /ûD¨ +QKK2Mi H� +QK#BM�BbQM /2 /2mt ;ûMQK2b

TQmp�Bi 2M;2M/`2` mM2 /BKBMmiBQM /2 H� p�H2m` bûH2+iBp2- +Ƕ2bi@¨@/B`2 āi`2 BM+QKT�iB#H2b- b�Mb

HǶ�pQB` 7�Bi T2M/�Mi H� /Bp2`;2M+2X AH 7�HH�Bi TQmpQB` 2tTHB[m2` +QKK2Mi H2b 7�+i2m`b ;ûMûiB[m2b

`2bTQMb�#H2b �p�B2Mi Tm b2 }t2` bB H2m` 2z2i ûi�Bi /ûHûiĕ`2X 1M 2z2i- H2 KQ/ĕH2 H2 THmb bBKTH2

/2 bQmb@/QKBM�M+2- `2TQb�Mi bm` mM 2z2i /ûHûiĕ`2 M2 bǶ2tT`BK�Mi [m2 +?2x H2b ?ûiû`Qxv;Qi2b-

2bi /B{+BH2K2Mi +QM+BHB�#H2 �p2+ HǶQ#b2`p�iBQM /2 pB;m2m` ?v#`B/2 2M 6R- 2i �p2+ H� }t�iBQM

/2 HǶ�HHĕH2 /û`Bpû bQmb@/QKBM�Mi /�Mb mM2 TQTmH�iBQM U+�` /2b 2z2ib /ûHûiĕ`2b 2tBbi2Mi /2 bQM

�TT�`BiBQM ¨ b� }t�iBQMVX G� +QK#BM�BbQM /2b i`�p�mt /2 "�i2bQM- .Q#x?�MbFv 2i JmHH2` QMi

T2`KBb /Ƕ2MpBb�;2` mM KQ/ĕH2 TQmp�Mi 2tTHB[m2` H2b BM+QKT�iB#BHBiûb HQ`b /ǶmM +`QBb2K2Mi 2i

H2m` ûpQHmiBQM U1M+�/`û k c "�i2bQM RNyN c .Q#x?�MbFv RNje c JmHH2` RN9kVX *2 KQ/ĕH2 T2`K2i

/Ƕ2tTHB[m2` H� }t�iBQM /Ƕ�HHĕH2b BM+QKT�iB#H2b b�Mb T�bb2` T�` mM2 p�HHû2 /2 p�H2m` bûH2+iBp2X

*2T2M/�Mi- BH `2[mB2`i bQmp2Mi +?2x H2b Q`;�MBbK2b /BTHQś/2b HǶ?vTQi?ĕb2 /2 `û+2bbBpBiû /2b

�HHĕH2b /û`Bpûb �}M /Ƕ2tTHB[m2` UBV H� pB;m2m` Qm HǶ�bvKûi`B2 b2tm2HH2 U`ĕ;H2 /2 >�H/�M2V 2M 6R 2i

UBBV H� /ûT`2bbBQM ?v#`B/2 /2b 6kb- "*b Qm /m b2t2 ?ûiû`Q;�KûiB[m2 6R Uhm`2HHB 2i P`` kyyyVX

*2b T`û/B+iBQMb ûi�B2Mi �bbQ+Bû2b /ĕb b� +QM+2TiBQM ¨ H� `2+?2`+?2 /2b #�b2b ;ûMûiB[m2b

/2b BM+QKT�iB#BHBiûb U.Q#x?�MbFv RNjeV- �p2+ +QKK2 B/û2 T`ûp�H2Mi2 H2 +QM+2Ti /2 Ŀ ;ĕM2 /2

bTû+B�iBQM ŀ UP`` 2i �HX kyy9VX *2b ;ĕM2b b2`�B2Mi /2b ûHûK2Mib +Hûb- +QMi`B#m�Mi /2 K�MBĕ`2

BKTQ`i�Mi2 ¨ HǶBbQH2K2Mi `2T`Q/m+iB7- 2i H2b i`Qmp2` TQm``�Bi MQmb BM/B[m2` [m2HH2b 7QM+iBQMb BHb

Q++mT2Mi 2i bB +2`i�BM2b 7QM+iBQMb bQMi THmb bmb+2TiB#H2b /Ƕāi`2 BKTHB[mû2b /�Mb H2 T`Q+2bbmb

d



.�Mb H2 KQ/ĕH2 ".JA- /2mt MQmp2�mt �HHĕH2b BM+QKT�iB#H2b U� 2i "V }t2Mi BM/ûT2M@
/�KK2Mi �m b2BM /2 /2mt TQTmH�iBQMb /Bzû`2Mi2bX �BMbB- �m +Qm`b /2 H� }t�iBQM H2b /2mt
�HHĕH2b /û`Bpûb M2 b2 `2i`Qmp2Mi D�K�Bb �bbQ+Bûb /�Mb mM KāK2 ;ûMQK2- H� +QK#BM�BbQM
/ûHûiĕ`2 MǶ2bi �HQ`b D�K�Bb i2biû2 2i M2 T2mi T�b āi`2 +QMi`2@bûH2+iBQMMû2X *2 T`Q+2bbmb
T2`K2i /Ƕ2tTHB[m2` H� }t�iBQM /Ƕ�HHĕH2b `û/mBb�Mi H� p�H2m` bûH2+iBp2 /2b ?v#`B/2b b�Mb [m2
H2b TQTmH�iBQMb TQ`i�Mi +2mt@+B T�bb2Mi T�` mM2 p�HHû2 /2 p�H2m` bûH2+iBp2X GǶ2t2KTH2 /2
H� 6B;m`2 j +QMbB/ĕ`2 /2mt HQ+mb T�` bBKTHB+Biû- +2T2M/�Mi BH 2bi TQbbB#H2 /2 +QMbB/û`2`
/2b BMi2`�+iBQMb ûTBbi�iB[m2b 2Mi`2 mM MQK#`2 THmb ûH2pû /2 HQ+mbX
GQ`b /ǶmM MQmp2�m +QMi�+i 2Mi`2 H2b /2mt TQTmH�iBQMb- H2b ?v#`B/2b T`Q/mBib TQ`i�Mi H2b
�HHĕH2b BM+QKT�iB#H2b b2`QMi +QMi`2@bûH2+iBQMMûb 2i H2 ~mt /2 ;ĕM2b b2`� HBKBiû �miQm`
/2b TQbBiBQMb /2 +2b /2mt HQ+mbX �m+mM ~mt /2 ;ĕM2b MǶ2bi TQbbB#H2 bB H2b �HHĕH2b /û`Bpûb
BM+QKT�iB#H2b bQMi /QKBM�Mib- Hûi�mt UQm biû`BHBb�MibV 2i QMi iQi�H2K2Mi }tû �m b2BM
/2b /2mt TQTmH�iBQMb U�m+mM 6R MǶ�m`� /2 /2b+2M/�M+2VX �m +QMi`�B`2 bB H� `û/m+iBQM
/2 p�H2m` bûH2+iBp2 MǶ2bi [m2 T�`iB2HH2- /2b ;ûMQivT2b `2+QK#BM�Mib TQm``QMi āi`2 T`Q@
/mBib 2i H2 /2p2MB` /2b �HHĕH2b /û`Bpûb /ûT2M/`� /2 7�+i2m`b /ûKQ;`�T?B[m2b- bT�iB�mt 2i
#BQHQ;B[m2b U6B;m`2 RVX

aa
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AA

bb
aa

Bb
Aa

BB
AA

aabb

AAbbaaBB

v
a
le

u
r 

s
é
le

c
ti

v
e

aabb

AAbbaaBB

AaBb

AABb
AaBB
AABB

AaBb

F1

génotypes

recombinants

délétères

génotype

ancestral

xation

G2 KQ/ĕH2 /ǶBM+QKT�iB#BHBiû #B@HQ+mb /2 "�i2bQM@.Q#x?�MbFB@JmHH2`X §
;�m+?2- /2mt TQTmH�iBQMb /Bp2`;2Mi b�Mb +QMi�+i 2i }t2Mi mM MQmp2H �HHĕH2 ¨ /2mt HQ+mb
/Bzû`2MibX *2b /2mt �HHĕH2b bQMi BM+QKT�iB#H2bX G� `2KBb2 2M +QMi�+i /2 +2b TQTmH�iBQMb
T`Q/mBi /Ƕ�#Q`/ mM ;ûMQivT2 ?ûiû`Qxv;Qi2 U6RV- TmBb /2b ;ûMQivT2b `2+QK#BM�Mib bB
[m2H[m2b 6Rb �``Bp2Mi ¨ b2 `2T`Q/mB`2X G2b +QK#BM�BbQMb �HHûHB[m2b Q`�M;2b 7�Bb�Mi BM@
i2`p2MB` /2b �HHĕH2b BM+QKT�iB#H2b pQMi āi`2 +QMi`2 bûH2+iBQMMûb- B+B mM +�b 2ti`āK2 /2
T�vb�;2 /2 p�H2m` bûH2+iBp2 2bi T`ûb2Miû ¨ /`QBi2X

/2 bTû+B�iBQMX GǶ�bT2+i 2tTû`BK2Mi�H /2 +2ii2 `2+?2`+?2 � ûiû #2�m+QmT /ûp2HQTTû +?2x /2b

KQ/ĕH2b Qɍ HǶQM T2mi 7�+BH2K2Mi +`û2` /2b HB;Mû2b +QMb�M;mBM2b 2i 7�B`2 /2b +`QBb2K2Mib- +QKK2

H2b /`QbQT?BH2b Qm H2b TH�Mi2b U6Bb?K�M 2i qBHHBb kyyR c P`` 2i A`pBM; kyyR c P`` 2i �HX kyy9VX

G� +�`iQ;`�T?B2 /2b BM+QKT�iB#BHBiûb T�bb2 T�` H� +`û�iBQM /2 Ŀ HB;Mû2b /ǶBMi`Q;`2bbBQM ŀ- BX2X

/2b BM/BpB/mb M2 TQ`i�Mi [mǶmM2 `û;BQM HBKBiû2 /ǶmM +?`QKQbQK2 MQM@bTû+B}[m2- +?2x [mB

MQmb TQmpQMb K2bm`2` H� }iM2bb U�X qX .�pBb 2i qm RNNe c LQQ` 2i �HX kyyR c JQvH2 2i

3



AMi`Q/m+iBQM

L�F�x�iQ kyy3 c *Q`#2ii@.2iB; 2i �HX kyRj c :m2``2`Q 2i �HX kyRdVX *2 ivT2 /2 K�MBTmH�iBQM- iQmi

+QKK2 H� KQ/ûHBb�iBQM- /2pB2Mi `�TB/2K2Mi B``û�HBb�#H2 HQ`b[m2 HǶQM +QKK2M+2 ¨ +QMbB/û`2` /2b

BMi2`�+iBQMb ûTBbi�iB[m2b ¨ THmb /2 [m2H[m2b HQ+mbX

J�H;`û +2ii2 pBbBQM +2Mi`û2 bm` H2b Ŀ ;ĕM2b ¨ 7Q`i 2z2i ŀ- H2b /QMMû2b ;ûMûiB[m2b �++mKmHû2b

�m +Qm`b /2b [m�`�Mi2 /2`MBĕ`2b �MMû2b QMi KQMi`û [m2 [m2H[m2b HQ+mb TQmp�B2Mi /B{+BH2K2Mi

2tTHB[m2` H� bTû+B�iBQM ¨ 2mt b2mHbX S�` 2t2KTH2- axvKm`� 2i "�`iQM URN3eV QMi 2biBKû- ¨ T�`iB`

/2 HǶ�M�Hvb2 /2 H� xQM2 /2 i2MbBQM 2Mi`2 2i - [m2 H2 +Q2{+B2Mi /2

bûH2+iBQM ;HQ#�H +QMi`2 H2b ?v#`B/2b /2p`�Bi āi`2 ûi�Hû bm` THmbB2m`b +2Mi�BM2b /2 HQ+mb ¨ 7�B#H2

2z2iX .2 H� KāK2 7�ÏQM- "�`iQM 2i >2rBii URN3RV KQMi`2Mi [m2 HǶBbQH2K2Mi TQbi@xv;QiB[m2

+?2x /2b b�mi2`2HH2b U V `2TQb2 bm` 2MpB`QM R8y b2;K2Mib +?`QKQbQKB[m2b-

+?�+mM /2 7�B#H2 2z2i bm` HǶBMpB�#BHBiû /2b ?v#`B/2bX

GǶ�++ĕb ¨ mM2 `ûbQHmiBQM iQmDQm`b THmb BKTQ`i�Mi2 /2b ;ûMQK2b 2i H2b +�T�+Biûb �++`m2b /2

MQK#`2 /Ƕû+?�MiBHHQMb- /2TmBb HǶ�pĕM2K2Mi /2b Kûi?Q/2b /2 bû[m2MÏ�;2 MQmp2HH2 ;ûMû`�iBQM- �

`ûpQHmiBQMMû MQi`2 +�T�+Biû /2 +�`iQ;`�T?B2 /2b HQ+mb +QMi`B#m�Mi ¨ HǶBbQH2K2Mi 2i /2 /ûi2+iBQM

/Ƕ2z2ib THmb 7�B#H2b U2X;X C�MQmȒ2F 2i �HX kyRk c GX JX hm`M2` 2i >�`` kyR9VX .2 7�ÏQM bBKTHB@

}û2- H� `2+?2`+?2 /2 +2b `û;BQMb 2bi HǶû[mBp�H2Mi /ǶmM2 ûim/2 /Ƕ�bbQ+B�iBQM ;ûMQKB[m2 U:q�a

TQm` V 2M miBHBb�Mi H� p�H2m` bûH2+iBp2 +QKK2 i`�Bi /�Mb /2b

+`QBb2K2MibX *2b MQmp2HH2b +�T�+Biûb- �bbQ+Bû2b ¨ H� `û�HBb�iBQM [m2 T2m /2 ;ĕM2b /2 bTû+B�@

iBQM �p�B2Mi ûiû i`Qmpûb 2M mM2 pBM;i�BM2 /Ƕ�MMû2b /2 `2+?2`+?2b UJQ`�M 2i 6QMi/2pBH� kyR9V-

QMi }M�H2K2Mi `�pBpû mM2 pBbBQM THmb TQHv;ûMB[m2 /2 H� biû`BHBiû ?v#`B/2 +?2x /2b Q`;�MBbK2b

KQ/ĕH2b +QKK2 H2b /`QbQT?BH2b UJQ`�M 2i 6QMi/2pBH� kyR9V Qm H2b bQm`Bb /QK2biB[m2b UG�`bQM

2i �HX kyR3VX

.m`�Mi H� `ûpQHmiBQM i2+?MQHQ;B[m2 /m bû[m2MÏ�;2 ?�mi /û#Bi- H� `2+?2`+?2 /2b ;ĕM2b /2

bTû+B�iBQM bǶ2bi i`�MbTQbû2 p2`b HǶû+?2HH2 ;ûMQKB[m2- TQm` T`Q/mB`2 mM2 pBbBQM THmb HBbb2 BMiû@

;`�Mi H2b �bT2+ib TQHv;ûMB[m2b- H� /ûKQ;`�T?B2 2i H2b 2z2ib /2 H� `2+QK#BM�BbQMX G� ;ûMQKB[m2

/2b TQTmH�iBQMb bm` /2 THmb 2M THmb /Ƕ2bTĕ+2b UKQ/ĕH2b Qm MQMV � T2`KBb /2 `û�HBb2` [m2 H2

~mt /2 ;ĕM2b TQmp�Bi āi`2 7Q`i2K2Mi p�`B�#H2 H2 HQM; /m ;ûMQK2X *2ii2 i`�Mb7Q`K�iBQM bǶ2bi

i`�/mBi2 T�` H� +�`�+iû`Bb�iBQM /ǶĿ ŗHQib ;ûMQKB[m2b /2 /Bzû`2M+B�iBQM ŀ- /û}MBb +QKK2 /2b

`û;BQMb ;ûMQKB[m2b /�Mb H2b[m2HH2b H2 ~mt ;ûMB[m2 2bi 7Q`i2K2Mi `û/mBi UhX GX hm`M2` 2i �HX

kyy8 c >�`` kyye c 1HH2;`2M 2i �HX kyRkVX GǶ?vTQi?ĕb2 [mB bQmb@i2M/ +2ii2 `2+?2`+?2 2bi [m2 +2b

ŗHQib /QBp2Mi +QMi`B#m2` /ǶmM2 7�ÏQM Qm /ǶmM2 �mi`2 ¨ HǶBbQH2K2Mi `2T`Q/m+iB7X

SHmbB2m`b ?vTQi?ĕb2b QMi ûiû /ûp2HQTTû2b TQm` 2tTHB[m2` H2b T�i`QMb ?ûiû`Q;ĕM2b Q#b2`pûb

H2 HQM; /2b ;ûMQK2b U>�``BbQM 2i G�`bQM kyRe c _�pBM2i 2i �HX kyRd c CX "X qX qQH7 2i 1HH2;`2M

kyRdVX hQmi /Ƕ�#Q`/ H2b TB+b /2 /Bzû`2M+B�iBQM T2mp2Mi b2 7Q`K2` pB� /2b Kû+�MBbK2b /2

bûH2+iBQM HBûb- +QKK2 /2b #�H�v�;2b bûH2+iB7b Qm /2 H� bûH2+iBQM /Ƕ�``Bĕ`2 TH�M- [mB �bbQ+Bûb ¨ /2b

p�`B�iBQMb /m i�mt /2 `2+QK#BM�BbQM T`Q/mBb2Mi /2b T�i`QMb ?ûiû`Q;ĕM2b /2 /Bp2`bBiû ;ûMûiB[m2

N



U"m``B kyRd c 1M+�/`û RVX GǶ?ûiû`Q;ûMûBiû /2 H� /Bp2`;2M+2 T2mi �mbbB āi`2 HBû2 ¨ HǶû`QbBQM

/Bzû`2MiB2HH2- /m2 �m ~mt /2 ;ĕM2b HQ`b /ǶmM +QMi�+i b2+QM/�B`2 2Mi`2 `û;BQMb +QMi`B#m�Mi

Qm MQM ¨ HǶBbQH2K2Mi `2T`Q/m+iB7 U"B2`M2 2i �HX kyRjVX 1M}M mM �mi`2 KQ/ĕH2 T`QTQb2 [m2

H� bûH2+iBQM ?ûiû`Q;ĕM2 TQbi@bTû+B�iBQM TQm``�Bi āi`2 ¨ HǶQ`B;BM2 /2b ŗHQib /2 /Bzû`2M+B�iBQM

U*`mB+Fb?�MF 2i >�?M kyR9VX .�Mb H2b 7�Bib- HǶ2Mb2K#H2 /2 +2b T`Q+2bbmb �;Bbb2Mi /2 +QM+2`i

2i BH 2bi Mû+2bb�B`2 /2 T`2M/`2 2M +QMbB/û`�iBQM HǶ?BbiQB`2 /ûKQ;`�T?B[m2 �BMbB [m2 /Bzû`2Mi2b

K2bm`2b /2 /Bp2`;2M+2 U`2H�iBp2b Qm �#bQHm2bV �}M /2 TQmpQB` BMi2`T`ûi2` H2b /QMMû2b U2X;X

.m`�MiQM 2i �HX kyR3VX G� T`Bb2 2M +QKTi2 /2 +2b T�i`QMb 2bi T�`iB+mHBĕ`2K2Mi BKTQ`i�Mi2

/�Mb HǶBM7û`2M+2 /2b ?BbiQB`2b /ûKQ;`�T?B[m2b- +�` BHb T2mp2Mi āi`2 /2b 7�+i2m`b +QM7QM/�Mib

/�Mb H� /ûi2+iBQM /2b `û;BQMb bQmb bûH2+iBQM UpQB` �MM2t2VX

GǶ�p�M+û2 /2b Kûi?Q/2b ;ûMQKB[m2b � mM `ƬH2 BKTQ`i�Mi ¨ DQm2` /�Mb H2 /QK�BM2 /2 H�

;ûMQKB[m2 /2 H� bTû+B�iBQM U*�KT#2HH 2i �HX kyR3VX 1M 2z2i HǶ�++ĕb ¨ /2b �bb2K#H�;2b 2M

+QMiB;b- b+�zQH/b Qm +?`QKQbQK2b /2 THmbB2m`b Kû;�#�b2b T2`K2i H� /ûi2+iBQM THmb T`û+Bb2

/2 p�`B�iBQMb bi`m+im`�H2b- BKTQ`i�Mi2b /�Mb H2 T`Q+2bbmb /2 bTû+B�iBQM U+7X T�`iB2 BXRXkVX S�`

2t2KTH2- hQ/2b+Q 2i �HX UkyRNV KQMi`2Mi [m2 H2b û+QivT2b /m iQm`M2bQH U bTTXV bQMi

�bbQ+Bûb ¨ /2 MQK#`2mt ?�THQivT2b MQM@`2+QK#BM�Mib- T2`K2ii�Mi H� +Q?ûbBQM /Ƕ�HHĕH2b +Q@

�/�TiûbX .ǶmM �mi`2 +Ƭiû- HǶBM7Q`K�iBQM ?�THQivTB[m2 T2`K2i �mbbB /Ƕûim/B2` H2b ~mt /2 ;ĕM2b

2i HǶ?BbiQB`2 ûpQHmiBp2 /2 7�ÏQM THmb T`û+Bb2X S�` 2t2KTH2- .m`�MiQM 2i �HX UkyR3V T`Q}i2Mi /2

H� TmBbb�M+2 /2b ;ûMQK2b T?�bûb TQm` B/2MiB}2` H2b #HQ+b ;ûMQKB[m2b U V /ǶBMi`Q;`2bbBQM

/m #�` �iH�MiB[m2 /�Mb H2 HQmT Kû/Bi2``�Mû2M U VX

1M /2?Q`b /2b +`QBb2K2Mib /2 H�#Q`�iQB`2 T2`K2ii�Mi /2 +QKT`2M/`2 H2b Kû+�MBbK2b /2

HǶBbQH2K2Mi `2T`Q/m+iB7- H� T`2KBĕ`2 bQm`+2 /Ƕ2tTû`BK2Mi�iBQMb M�im`2HH2b ¨ H�`;2 û+?2HH2 bQMi H2b

xQM2b /Ƕ?v#`B/�iBQMX G2b xQM2b /Ƕ?v#`B/�iBQM bQMi /û}MB2b +QKK2 /2b `û;BQMb ûi`QBi2b /�Mb H2b@

[m2HH2b /2b TQTmH�iBQMb ;ûMûiB[m2K2Mi /BbiBM+i2b b2 `2M+QMi`2Mi- b2 `2T`Q/mBb2Mi 2i 2M;2M/`2Mi

/2b ?v#`B/2b U"�`iQM 2i >2rBii RN38VX GǶ?BbiQB`2 /2 7Q`K�iBQM /2b xQM2b /Ƕ?v#`B/�iBQM �+@

im2HH2b 2bi ûi`QBi2K2Mi HBû2 �mt p�`B�iBQMb /2 /Bbi`B#miBQM ;ûQ;`�T?B[m2 /2b 2bTĕ+2b /m`�Mi H2b

Qb+BHH�iBQMb +HBK�iB[m2b /m Zm�i2`M�B`2 U>2rBii kyyy- kyRRVX G2b b+ûM�`BQb H2b THmb +QKKmMb

+QKT`2MM2Mi /2b Tû`BQ/2b /ǶBbQH2K2Mi /�Mb /2b `27m;2b HQ`b /2b Tû`BQ/2b /2 ;H�+B�iBQM- bmBpB2b

T�` /2b 2tT�MbBQMb ;ûQ;`�T?B[m2b K2M�Mi ¨ mM +QMi�+i b2+QM/�B`2 2Mi`2 HB;Mû2b ;ûMûiB[m2b

K�BMi2M�Mi /Bzû`2M+Bû2b U>2rBii kyRRVX

G2b xQM2b /Ƕ?v#`B/�iBQM bQMi H2 THmb bQmp2Mi /2b xQM2b /2 i2MbBQM K�BMi2Mm2b T�` mM2

#�H�M+2 2Mi`2 KB;`�iBQM 2i +QMi`2@bûH2+iBQM /2b ?v#`B/2b U"�`iQM 2i >2rBii RN38- RN3NVX 1HH2b

�TT�`�Bbb2Mi /QM+ +QKK2 mM2 KBb2 2M bBim�iBQM B/û�H2 TQm` HǶûim/2 /2 HǶBbQH2K2Mi `2T`Q/m+iB7

2M +QM/BiBQMb M�im`2HH2b 2i T2`K2ii2Mi HǶûim/2 /2 H� KBb2 2M TH�+2 2i H2 K�BMiB2M /2b #�``Bĕ`2b

�mt ~mt /2 ;ĕM2bX G� 7Q`+2 /ǶmM2 #�``Bĕ`2 �m ~mt ;ûMB[m2 p� /ûT2M/`2 /ǶmM2 #�H�M+2 2Mi`2 H�
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bûH2+iBQM bǶ�TTHB[m�Mi bm` mM 2Mb2K#H2 /2 `û;BQMb ;ûMQKB[m2b 2i H� `2+QK#BM�BbQM i2M/�Mi ¨

+�bb2` H2b �bbQ+B�iBQMb U"�`iQM RN3j c E`mmF 2i �HX RNNN c �##Qii 2i �HX kyRjVX G� 7Q`K�iBQM /2

+2b �bbQ+B�iBQMb 2Mi`2 `û;BQMb +QMi`B#m�Mi ¨ HǶBbQH2K2Mi Ĝ K�Bb �mbbB �p2+ /2b `û;BQMb TQmp�Mi

āi`2 HBû2b ¨ /2 H� bûH2+iBQM 2tQ;ĕM2 Ĝ 2bi �TT2Hû2 +QmTH�;2 U c "�`iQM RN3j c "B2`M2

2i �HX kyRR c �##Qii 2i �HX kyRjVX

G2b xQM2b /Ƕ?v#`B/�iBQM bQMi H2 `ûbmHi�i /Ƕ?BbiQB`2b T?vHQ;ûQ;`�T?B[m2b T�`7QBb +QKTH2t2b 2i

H�`;2K2Mi p�`B�#H2b- BKTQ`i�Mi2b /�Mb H� +QKT`û?2MbBQM /2b T�i`QMb �+im2Hb U>2rBii kyRRVX G2b

T`Q;`ĕb /2b Kûi?Q/2b /ǶBM7û`2M+2 /ûKQ;`�T?B[m2b ¨ T�`iB` /2 /QMMû2b ;ûMQKB[m2b T2`K2ii2Mi

/Ƕ�pQB` �mDQm`/Ƕ?mB �++ĕb ¨ /2b b+ûM�`BQb #B2M THmb T`û+Bb /2 HǶ?BbiQB`2 /2b +QMi�+ib b2+QM/�B`2b

U:mi2MFmMbi 2i �HX kyyN c 1t+Q{2` 2i �HX kyRj c _Qm;2mt 2i �HX kyRd c hƦi? 2i �HX kyRdVX

J�H;`û mM2 +QMM�Bbb�M+2 �++`m2 /2 HǶ?BbiQB`2 ûpQHmiBp2 bQmb@D�+2Mi2 �mt +QMi�+ib b2+QM@

/�B`2b- H� +QMiBMmBiû /m T`Q+2bbmb ûpQHmiB7 2z�+2 H2b i`�+2b H�Bbbû2b T�` H2b Kû+�MBbK2b ¨ HǶƾmp`2

HQ`b /2 HǶBMBiB�iBQM /m +QMi�+i- 2i H2b Q#b2`p�iBQMb �+im2HH2b T2mp2Mi āi`2 +QM7QM/m2b �p2+

/Ƕ�mi`2b T`Q+2bbmb UaxvKm`� 2i "�`iQM RN3e c "B2`M2 2i �HX kyRj c "2`iH 2i �HX kyR3VX .2 THmb- H2b

xQM2b /Ƕ?v#`B/�iBQM �+im2HH2b bQMi 2M ;`�M/2 K�DQ`Biû bi�#H2b 2i H2b ûpĕM2K2Mib /ǶBMi`Q;`2bbBQM

[mB T2mp2Mi MQmb BMiû`2bb2` QMi /ûD¨ 2m HB2mX AH �TT�`�ŗi �HQ`b i`ĕb BMiû`2bb�Mi /2 TQmpQB` Q#b2`@

p2` /2b +QMi�+ib b2+QM/�B`2b `û+2Mib- bQmp2Mi +`ûûb T�` /2b T2`im`#�iBQMb �Mi?`QTB[m2b U2X;X

KQ/B}+�iBQMb /Ƕ?�#Bi�ib- +?�M;2K2Mib /2 /Bbi`B#miBQM HBûb �m +?�M;2K2Mi +HBK�iB[m2 Qm �mt

BMi`Q/m+iBQMbVX *2b +QMi�+ib b2+QM/�B`2b `û+2Mib T2mp2Mi TQi2MiB2HH2K2Mi MQmb /QMM2` �++ĕb

�mt /vM�KB[m2b /2 H� T?�b2 BMBiB�H2X G2b BMi`Q/m+iBQMb #BQHQ;B[m2b BKTHB[m�Mi /2 HǶ?v#`B/�iBQM

T2mp2Mi �HQ`b /2p2MB` /2b ûim/2b /2 +�b TQm` H� #BQHQ;B2 ûpQHmiBp2X

lM2 BMi`Q/m+iBQM 2bi �p�Mi iQmi mM2 KQ/B}+�iBQM /2 HǶ�B`2 /2 /Bbi`B#miBQM M�im`2HH2 /ǶmM2

2bTĕ+2 /m2 �mt �+iBpBiûb ?mK�BM2b U[m2 +2 bQBi pQHQMi�B`2 Qm �++B/2Mi2HVX *2ii2 KQ/B}+�iBQM /2

/Bbi`B#miBQM 2bi �HQ`b mM2 QTTQ`imMBiû TQm` H2b #BQHQ;Bbi2b /Ƕûim/B2` H2b �bT2+ib û+QHQ;B[m2b 2i

ûpQHmiB7b HBûb �mt +?�M;2K2Mib /Ƕ?�#Bi�ib- �mt BMi2`�+iBQMb #BQiB[m2b 2i ¨ HǶ�/�Ti�iBQM Uh?QKT@

bQM kyR9- TX dVX �m +Qm`b /2 +2ii2 i?ĕb2- D2 K2 bmBb T`BM+BT�H2K2Mi BMiû`2bbû �mt +QMbû[m2M+2b

ûpQHmiBp2b /ǶmM2 BMi`Q/m+iBQM- 2i MQi�KK2Mi bm` HǶmiBHBb�iBQM /ǶmM2 BMi`Q/m+iBQM +QKK2 2tTû@

`B2M+2 /ǶmM +QMi�+i b2+QM/�B`2 `û+2MiX

lM2 2bTĕ+2 BMi`Q/mBi2 - TQm` bǶûi�#HB`- /QBi T�bb2` mM 2Mb2K#H2 /2 #�``Bĕ`2b ¨ H� +QHQMBb�@

iBQM Tû`2MM2 /ǶmM MQmp2HH2 2MpB`QMM2K2Mi U6B;m`2 9VX *2b #�``Bĕ`2b T2mp2Mi āi`2 /BbT2`bBp2b

U2X;X āi`2 +�T�#H2 /ǶmiBHBb2` mM p2+i2m`V- /ûKQ;`�T?B[m2b U2X;X �pQB` mM2 T`2bbBQM /2 T`QT�;mH2

bm{b�Mi2V- Qm 2M+Q`2 û+QHQ;B[m2b U2X;X bm`pBp`2 /�Mb mM MQmp2H 2MpB`QMM2K2MiVX "H�+F#m`M 2i
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�HX UkyRRV /û}MBbb2Mi mM2 2bTĕ+2 BMp�bBp2 +QKK2 mM2 2bTĕ+2 �v�Mi �m KQBMb mM2 TQTmH�iBQM

�miQMQK2 /�Mb H� M�im`2 2i TQmp�Mi ûK2ii`2 /2b KB;`�Mib- K2M�Mi ¨ b� T`QT�;�iBQM U6B;m`2 9

Ŀ bT`2�/ ŀ 2i .RVX *2ii2 /û}MBiBQM M2 iB2Mi T�b +QKTi2 /2 H� MQiBQM /ǶBKT�+i 2MpB`QMM2K2Mi�H

Qm û+QMQKB[m2 /�Mb H� ivTQHQ;B2 /ǶmM2 BMi`Q/m+iBQM #BQHQ;B[m2X

1M T�`�HHĕH2 /2 +2ii2 ivTQHQ;B2- "H�+F#m`M 2i �HX UkyR9V QMi T`QTQbû mM2 +H�bbB}+�iBQM

/2b 2bTĕ+2b BMi`Q/mBi2b bmBp�Mi H2m` BKT�+i 2MpB`QMM2K2Mi�H U6B;m`2 8- [mB T2mi �mbbB āi`2

ûi2M/m ¨ HǶBKT�+i û+QMQKB[m2 Qm bQ+Bûi�HVX GǶBMi`Q/m+iBQM /ǶmM2 2bTĕ+2 MQM BM/B;ĕM2 T2mi

2M;2M/`2` /�Mb +2`i�BMb +�b /2b +QMbû[m2M+2b û+QHQ;B[m2b 2i ûpQHmiBp2b BKTQ`i�Mi2b UJQQM2v

2i *H2H�M/ kyyR c 1?`2M72H/ kyRyVX G2b +QMbû[m2M+2b #BQHQ;B[m2b K�D2m`2b /2b BMp�bBQMb [mB

bQMi `û;mHBĕ`2K2Mi `�TTQ`iû2b bQMi HǶ2tiBM+iBQM /Ƕ2bTĕ+2b- H� T2`i2 /2 #BQ/Bp2`bBiû Qm 2M+Q`2 H�

Ŀ TQHHmiBQM ;ûMûiB[m2 ŀ U_?vK2` 2i aBK#2`HQz RNNe c *�`HiQM 2i �HX RNNN c "2HH�`/ 2i �HX kyReVX

"B2M [m2 +2b 2z2ib bQB2Mi Q#b2`pûb HQ`b /ǶûpĕM2K2Mib /ǶBMi`Q/m+iBQM #BQHQ;B[m2- BH 2tBbi2 mM

#B�Bb /�Mb +2 [mB 2bi `�TTQ`iû 2i /�Mb H2b i2`K2b miBHBbûb- [mB 2Mi`�ŗM2 bQmp2Mi mM �K�H;�K2

2Mi`2 2bTĕ+2 MQM M�iBp2b 2i 2z2ib Mû;�iB7b UJX �X .�pBb 2i �HX kyRR c h?QKTbQM kyR9VX

G2 bm++ĕb T�`7QBb 7mH;m`�Mi /ǶmM2 2bTĕ+2 BMi`Q/mBi2 /�Mb mM 2MpB`QMM2K2Mi /�Mb H2[m2H 2HH2

MǶ� T�b /Ƕ?BbiQB`2 ûpQHmiBp2 2bi mM2 [m2biBQM K�D2m`2 /2b `2+?2`+?2b 2M BMp�bBQM #BQHQ;B[m2 2i

2bi �TT2Hû H2 Ŀ T�`�/Qt2 /2 HǶBMp�bBQM ŀ Ua�t 2i "`QrM kyyyVX h`ĕb bm++BM+i2K2Mi- mM 2Mb2K#H2

/Ƕ?vTQi?ĕb2b QMi ûiû T`QTQbû2b T2`K2ii�Mi /Ƕ2tTHB[m2` +2 T?ûMQKĕM2 BM+Hm�Mi /2b KQ/�HBiûb

/2 `2T`Q/m+iBQM �/�Tiû2b U2X;X +HQM�HBiû Qm �miQ7û+QM/�iBQMV- /2b 7Q`ib i�mt /2 7û+QM/Biû-

HǶ�#b2M+2 /2b T`û/�i2m`b 2i T�i?Q;ĕM2b M�iB7b- Qm 2M+Q`2 H� /BbTQMB#BHBiû /2 MB+?2b û+QHQ;B[m2bX

*QKK2 BM/B[mû /�Mb H� T�`iB2 BXRX9- H2b +QMi�+ib `û+2Mib T2mp2Mi /2p2MB` mM2 bQm`+2 BKTQ`i�Mi2

/ǶBM7Q`K�iBQMb bm` H2b T`Q+2bbmb ¨ HǶƾmp`2 /m`�Mi H� T?�b2 BMBiB�H2 /ǶmM +QMi�+i b2+QM/�B`2X

.�Mb bQM Qmp`�;2 7QM/�i2m` bm` HǶûim/2 /2b BMp�bBQMb- 1HiQM URN83- TX N9V 7�Bb�Bi /ûD¨

`2K�`[m2` H2b `2K�MB2K2Mib /Ƕ�B`2 /2 /Bbi`B#miBQM 2M KBHB2m K�`BM , Ŀ AM +QMi`�bi iQ H�M/ �M/

7`2b? r�i2`b i?2 b2� b22Kb biBHH �HKQbi BMpBQH�i2X u2i #B; +?�M;2b BM i?2 /Bbi`B#miBQM Q7 bT2+B2b

?�p2 �H`2�/v #2;mM �b � `2bmHi Q7 ?mK�M �+iBQMb /m`BM; i?2 H�bi ?mM/`2/ v2�`bX ŀ .2TmBb

kyy �Mb- H2 i�mt /Ƕ2bTĕ+2b BMi`Q/mBi2b 2M KBHB2m K�`BM � �m;K2Miû 2tTQM2MiB2HH2K2Mi U_mBx

2i �HX kyyyVX lM ;`QmT2 /Ƕ2tT2`ib HBbi2 �+im2HH2K2Mi THmb /2 kyyy 2bTĕ+2b K�`BM2b BMi`Q/mBi2b

U�?vQM; 2i �HX kyR3V

G2b /2mt p2+i2m`b K�D2m`b /2b BMi`Q/m+iBQMb K�`BM2b bQMi H2 i`�MbTQ`i K�`BiBK2 2i HǶ�[m�@

+mHim`2 U6B;m`2 e c JQHM�` 2i �HX kyy3VX AH 2tBbi2 /Ƕ�mi`2b p2+i2m`b /ǶBMi`Q/m+iBQM KQBMb BKTQ`@

i�Mib K�Bb TQmp�Mi HQ+�H2K2Mi `2T`ûb2Mi2` mM2 bQm`+2 K�D2m`2- +QKK2 /�Mb H2 +�b /m +�M�H

/2 am2x- �v�Mi mM2 BM~m2M+2 BKTQ`i�Mi2 bm` H� [m�MiBiû /Ƕ2bTĕ+2b BMi`Q/mBi2b 2M Jû/Bi2``�Mû2

Q`B2Mi�H2 ULmM2b 2i �HX kyR9VX

G2 i`�MbTQ`i K�`BiBK2 T2`K2i H2 i`�MbTQ`i /Ƕ2bTĕ+2b K�`BM2b MQM BM/B;ĕM2b pB� THmbB2m`b

Kû+�MBbK2bX G2 T`2KB2` 2bi HǶ2M+`�bb2K2Mi #BQHQ;B[m2 U V BKT�+i�Mi H2b T�`iB2b 2t@
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Alien
Casual/

Introduced Naturalized/Established

Stage

Terminology

Invasive

Prevention

Eradication

ContainmentManagement Mitigation

Invasion failure ‘Boom and Bust’

A D1, D2B1, B2

B3

C1 C3C0
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TRENDS in Ecology & Evolution

Category De nition

A Not transported beyond limits of native range

B1

B2

B3

C0

C1

C2

C3

D1

D2

E

Individuals transported beyond limits of native range, and in captivity or quarantine (i.e. individuals provided with conditions

suitable for them, but explicit measures of containment are in place)

Individuals transported beyond limits of native range, and directly released into novel environment

Individuals surviving in the wild (i.e. outside of captivity or cultivation) in location where introduced, no reproduction

Individuals surviving in the wild in location where introduced, reproduction occurring, but population not self-sustaining

Individuals surviving in the wild in location where introduced, reproduction occurring, and population self-sustaining

Self-sustaining population in the wild, with individuals surviving a signi cant distance from the original point of introduction

Individuals transported beyond limits of native range, and in cultivation (i.e. individuals provided with conditions suitable 

for them, but explicit measures dispersal are limited at best)

Individuals released into the wild (i.e. outside of captivity or cultivation) in location where introduced, but incapable of surviving 

for a signi cant period

Self-sustaining population in the wild, with individuals surviving and reproducing a signi cant distance from the original 

point of introduction

Fully invasive species, with individuals dispersing, surviving and reproducing at multiple sites across a greater or lesser

spectrum of habitats and extent of occurence

hvTQHQ;B2 /m T`Q+2bbmb /ǶBMp�bBQM #BQHQ;B[m2- /Ƕ�T`ĕb "H�+F#m`M 2i �HX UkyRRVX G2b
�mi2m`b T`QTQb2Mi /2 /BpBb2` H2 T`Q+2bbmb /ǶBMp�bBQM #BQHQ;B[m2 2M /Bzû`2Mi2b ûi�T2b- +?�+mM2
+QMi`�BMi2 T�` /2b #�``Bĕ`2b ¨ HǶûi�#HBbb2K2Mi /ǶmM2 2bTĕ+2 BMi`Q/mBi2X GǶû+?2+ /2 HǶ�++ĕb ¨
HǶûi�T2 bmBp�Mi2 b2 i`�/mBi T�` HǶû+?2+ /2 HǶBMp�bBQMX lM2 i2`KBMQHQ;B2 2bi �bbQ+Bû2 ¨ +2b bi�/2b-
KQMi`�Mi HǶûpQHmiBQM /m +�`�+iĕ`2 MQM M�iB7 UQm �HB2MV Dmb[mǶ¨ H� +H�bbB}+�iBQM 2M 2bTĕ+2 BMp�@
bBp2X

*�iû;Q`B2b /2 H� +H�bbB}+�iBQM
/2 HǶBKT�+i /2b 2bTĕ+2b BMi`Q/mBi2bX hB`û2 /2
"H�+F#m`M 2i �HX UkyR9V
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Shipping

Aquaculture

Canal construction

Aquarium trade

Live seafood trade

0 50 100 150 200 250

Number of species

Harmful alien species (n = 187)

Other alien species (n = 142)

69%

41%

17%

6%

2%

S`QTQ`iBQM /Ƕ2bTĕ+2b BMi`Q/mBi2b 2M
KBHB2m K�`BM T�` H2b p2+i2m`b H2b THmb BKTQ`@
i�Mib- T�`KB jkN 2bTĕ+2b BMi`Q/mBi2b �M�Hvbû2b
/�Mb HǶûim/2X G� T`QTQ`iBQM /Ƕ2bTĕ+2b �v�Mi mM
7Q`i BKT�+i û+QHQ;B[m2 2bi BM/B[mû2 2M 7QM+û
TQm` +?�[m2 +�iû;Q`B2X hB`û2 /2 JQHM�` 2i �HX
Ukyy3VX

i2`M2b /2b M�pB`2b- K�Bb �mbbB H2b +Qz`2b /2 T`Bb2 /Ƕ2�m Qz`�Mi mM 2MpB`QMM2K2Mi THmb T`Qiû;û

U*Qmiib 2i .Q/;b?mM kyyd c CX .`�F2 kyyd c avHp2bi2` 2i �HX kyRRVX G2 b2+QM/ Kû+�MBbK2

2bi H� /BbT2`bBQM pB� H2b 2�mt /2 #�HH�bi- [mB � ûiû `2+QMMm +QKK2 mM p2+i2m` K�D2m` 2i 2bi

K�BMi2M�Mi H2 Kû+�MBbK2 H2 THmb +QMi`ƬHû U"�BH2v kyR8VX G2b 2�mt /2 #�HH�bi T2mp2Mi ¨ H� 7QBb

T2`K2ii`2 H� /BbT2`bBQM /Ƕ2bTĕ+2b /2 7�B#H2 i�BHH2- K�Bb �mbbB H2b T?�b2b H�`p�B`2b Qm KB+`Qb+Q@

TB[m2b /Ƕ2bTĕ+2b K�+`Qb+QTB[m2b UG2pBM;b 2i �HX kyy9 c 6H�;2HH� 2i �HX kyydVX *2b p2+i2m`b bQMi

/ǶBKTQ`i�Mib Kû+�MBbK2b /2 /BbT2`bBQM HQM;m2 /Bbi�M+2- +2T2M/�Mi ¨ mM2 û+?2HH2 `û;BQM�H2 H�

M�pB;�iBQM /2 TH�Bb�M+2 2i H2b HB�BbQMb K�`BiBK2b +Qm`i2b U2X;X H2b 72``vbV bQMi /2 THmb 2M THmb

+QMbB/û`û2b +QKK2 /2b p2+i2m`b K�D2m`b /2 /BbT2`bBQM b2+QM/�B`2 UpQB` T`BK�B`2 /�Mb +2`i�BMb

+�bV Uq�bbQM 2i �HX kyyR c JBM2m` 2i �HX kyy3 c *H�`F2 Jm``�v 2i �HX kyRRVX

GǶBMi`Q/m+iBQM /Ƕ2bTĕ+2b MQM M�iBp2b pB� HǶ�[m�+mHim`2 `2;`QmT2 /2b i`�MbTQ`ib pQHQMi�B`2b

K�Bb �mbbB MQM BMi2MiBQMM2Hb 2i bQMi [m�HB}û2b /ǶĿ �bbQ+Bû2b ŀ Qm Ŀ �++QKT�;M�i`B+2b ŀX lM

2t2KTH2 �v�Mi +QMi`B#mû ¨ +2b /2mt ivT2b /ǶBMi`Q/m+iBQM 2bi +2HmB /2 HǶ?mŗi`2 +`2mb2 U

V BMi`Q/mBi2 BMBiB�H2K2Mi /2TmBb H2 C�TQM /�Mb THmb /2 dy T�vb TQm` b� +mHim`2 U_m2bBMF

2i �HX kyy8VX *2b BMi`Q/m+iBQMb QMi bQmp2Mi ûiû QTû`û2b TQm` +QKT2Mb2` /2b biQ+Fb M�im`2Hb /2b

2bTĕ+2b M�iBp2b 2M /û+`QBbb�M+2 bmBi2 ¨ H� bm`2tTHQBi�iBQM Qm ¨ /2b ûTBbQ/2b /2 KQ`i�HBiû U2X;X

2M 1m`QT2VX *2 ivT2 /2 #Bp�Hp2 �v�Mi mM2 `2T`Q/m+iBQM 2ti2`M2 2i mM2 T?�b2

H�`p�B`2 TH�M+iQMB[m2- H2b ?mŗi`2b +`2mb2b QMi Tm 7�+BH2K2Mi û+?�TT2` �mt BM7`�bi`m+im`2b /2

+mHim`2 2i bǶûi�#HB` /�Mb H2 KBHB2m M�im`2HX *2b BMi`Q/m+iBQMb TQm` HǶ�[m�+mHim`2 QMi +QMi`B#mû

�m /ûTH�+2K2Mi /ǶûTB#BQMi2b �++QKT�;M�i2m`b +QKK2 H2b K�+`Q@�H;m2bX JBM2m` 2i �HX UkyydV

KQMi`2Mi T�` 2t2KTH2 2tTû`BK2Mi�H2K2Mi [m2 8d 2bTĕ+2b /Ƕ�H;m2b T2mp2Mi āi`2 `2i`Qmpû2b

�T`ĕb i`�Mb72`i /Ƕ?mŗi`2b- T�`KB H2b[m2HH2b mM2 ;`�M/2 T�`iB2 M2 bQMi T�b M�iBp2b 2M 1m`QT2X

GǶmM2 /2b /B{+mHiûb /2 HǶûim/2 /2b BMi`Q/m+iBQMb K�`BM2b `ûbB/2 /�Mb HǶ2tBbi2M+2 /Ƕ2bTĕ+2b

+`vTiB[m2b 2i +`vTiQ;ûMB[m2bX lM2 2bTĕ+2 +`vTiB[m2 `2T`ûb2Mi2 HǶ�#b2M+2 /2 +H�bbB}+�iBQM bTû@

+B}[m2 /ǶmM2 HB;Mû2 K�H;`û H� T`ûb2M+2 /ǶmM2 /Bp2`;2M+2 ;ûMûiB[m2 BKTQ`i�Mi2X G2b 2bTĕ+2b

+`vTiB[m2b bQMi +QMbB/û`û2b +QKKmM2b 2M KBHB2m K�`BM U�TT2Hi�Mb 2i �HX kyRk c oB�`/ 2i �HX

kyRe c *?2MmBH 2i �HX kyRNV- /ȿ ¨ /2b HBKBi�iBQMb /2 +H�bbB}+�iBQM i�tQMQKB[m2 K�Bb �mbbB ¨ HǶ

[m2 H2b H�`;2b /Bbi`B#miBQMb ;ûQ;`�T?B[m2b bQMi +QMbB/û`û2b MQ`K�H2b TQm` /2 MQK#`2mt
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Q`;�MBbK2b K�`BMb UEMQrHiQM RNNjVX AH MǶ�TT�`�ŗi /QM+ T�b `�`2 /ǶQ#b2`p2` /2b BMp�bBQMb +`vT@

iB[m2b- [mB T2mp2Mi āi`2 BMi2`bTû+B}[m2b Qm BMi`�bTû+B}[m2b UBX2X HQ`b /2 HǶBMi`Q/m+iBQM /ǶmM2

HB;Mû2 ;ûMûiB[m2K2Mi /Bzû`2M+Bû2 b�Mb pû`Bi�#H2 BbQH2K2Mi `2T`Q/m+iB7 c JQ`�Bb 2i _2B+?�`/

kyR3VX G2b BMp�bBQMb +`vTiB[m2b bQMi T�`iB+mHBĕ`2K2Mi /B{+BH2b ¨ B/2MiB}2`- KāK2 �p2+ HǶmiBHB@

b�iBQM /2 H� ;ûMûiB[m2- TmBb[mǶ2HH2b `2[mBĕ`2Mi mM2 +QMM�Bbb�M+2 /2 HǶ2Mb2K#H2 /2b TQTmH�iBQMb

/m i�tQM +QMbB/û`û 2i mM2 `ûbQHmiBQM bm{b�Mi2 TQm` B/2MiB}2` /2b mMBiûb i�tQMQKB[m2b /Bzû@

`2M+Bû2bX 1M HB2M �p2+ +2b /B{+mHiûb- H� `2+?2`+?2 2M BMp�bBQMb K�`BM2b bǶ2bi i`ĕb H�`;2K2Mi

+QM+2Mi`û2 bm` /2b +�b /ǶBMi`Q/m+iBQM HQM;m2 /Bbi�M+2- bQmp2Mi i`�Mb@Q+û�MB[m2b 2i 7�+BH2K2Mi

B/2MiB}�#H2bX

.�Mb +2`i�BMb +�b- H2 +�`�+iĕ`2 M�iB7 Qm BMi`Q/mBi /ǶmM2 2bTĕ+2 M2 T2mi T�b āi`2 /ûi2`@

KBMû �p2+ +2`iBim/2- QM H� [m�HB}2 �HQ`b /2 +`vTiQ;ûMB[m2 U*�`HiQM RNNe- kyyNVX G2b 2bTĕ+2b

+`vTiQ;ûMB[m2b bQMi bQmp2Mi /2b 2bTĕ+2b +QbKQTQHBi2b- /QMi H� /Bbi`B#miBQM T2mi `ûbmHi2` /ǶBM@

i`Q/m+iBQMb �M+B2MM2b /�Mb /2b `û;BQMb Qɍ H� T`2bbBQM �Mi?`QTB[m2 ¨ ûiû +QMbi�Mi2- +QM/mBb�Mi

¨ HǶ�#b2M+2 /2 T`2mp2 /2 H2m` +�`�+iĕ`2 BMi`Q/mBiX

G� +QK#BM�BbQM /2 +2b +�iû;Q`B2b +`vTiB[m2 2i +`vTiQ;ûMB[m2- �BMbB [m2 HǶ2tBbi2M+2 /2 +QK@

TH2t2b /Ƕ2bTĕ+2b- `2M/ H� [m�MiB}+�iBQM /2b BMi`Q/m+iBQMb 2M KBHB2m K�`BM /B{+BH2X G� ;ûMûiB[m2

2bi /QM+ mM QmiBH i`ĕb BKTQ`i�Mi T2`K2ii�Mi /2 K2BHH2m`2b /ûi2`KBM�iBQMb 2i ûim/2b /2b ûpĕ@

M2K2Mib /ǶBMp�bBQM- [m2 +2 bQBi 2M KBHB2m K�`BM +QKK2 2M KBHB2m i2``2bi`2X

G2 /QK�BM2 /2 H� ;ûMûiB[m2 /2b BMp�bBQMb � K�BMi2M�Mi mM2 +BM[m�Mi�BM2 /Ƕ�MMû2b U"Q+F

2i �HX kyR8VX .m`�Mi +2ii2 Tû`BQ/2- H� ;ûMûiB[m2 � iQmi /Ƕ�#Q`/ b2`pB /ǶQmiBH TQm` B/2MiB}2` 2i

+�`�+iû`Bb2` HǶQ`B;BM2 /2b 2bTĕ+2b MQM M�iBp2bX 1HH2 � û;�H2K2Mi T2`KBb /Ƕûim/B2` H2b T`Q+2bbmb

ûpQHmiB7b ¨ HǶƾmp`2 HQ`b /ǶmM2 BMp�bBQM- i2Hb [m2 HǶ�/�Ti�iBQM ¨ mM MQmp2H 2MpB`QMM2K2Mi Qm H�

`ûTQMb2 ¨ mM ûpĕM2K2Mi /2 7QM/�iBQMX

GǶmM /2b +?�KTb /Ƕûim/2 /m /QK�BM2 /2 H� ;ûMûiB[m2 /2b BMp�bBQMb 2bi H� p�`B�iBQM 2i H�

/Bp2`bBiû ;ûMûiB[m2- 2i H2 `ƬH2 `2H�iB7 /m T`Q+2bbmb /Ƕ�/�Ti�iBQM HQ`b /ǶmM2 +QHQMBb�iBQM 2i /2 H�

T`û@�/�Ti�iBQM Ua�F�B 2i �HX kyyRVX *2ii2 [m2biBQM T�`i /m T`BM+BT2 [m2 H� /Bp2`bBiû ;ûMûiB[m2

2bi T`QTQ`iBQMM2HH2 ¨ H� +�T�+Biû /2 `ûTQMb2 ¨ H� bûH2+iBQM M�im`2HH2 U6Bb?2` RNjy c a�F�B 2i �HX

kyyRVX S�`i�Mi /2 +2H�- HǶQ#b2`p�iBQM /2 HǶ2tBbi2M+2 /2 ;QmHQib /Ƕûi`�M;H2K2Mi /ûKQ;`�T?B[m2b

2i /ǶmM2 T2`i2 /2 /Bp2`bBiû HQ`b /2 +2`i�BM2b BMp�bBQMb � +QM/mBi ¨ mM T�`�/Qt2 ;ûMûiB[m2

/2b BMp�bBQMb UEQH#2 2i �HX kyy9VX *2T2M/�Mi- H2b ûpĕM2K2Mib /2 7QM/�iBQM- MQi�KK2Mi 2M

KBHB2m K�`BM- bQMi HQBM /Ƕāi`2 H� `ĕ;H2 HQ`b /ǶBMp�bBQMb- 2i H� `2H�iBQM /2 +�mb�HBiû 2Mi`2 /Bp2`bBiû

;ûMûiB[m2 2i H2 bm++ĕb /2 HǶBMp�bBQM `2bi2 BM+2`i�BM2 UoB�`/ 2i �HX kyReVX

GǶQ#b2`p�iBQM /ǶmM2 T?�b2 /2 `2i�`/ U V /�Mb /2 MQK#`2mb2b BMp�bBQMb- +Q``2b@

TQM/�Mi ¨ mM /û+�H�;2 2Mi`2 H2 T`2KB2` ûi�#HBbb2K2Mi 2i H� T?�b2 /Ƕ2tT�MbBQM- � bQmp2Mi ûiû

miBHBbû2 +QKK2 T`2mp2 /ǶmM K�M[m2 /Ƕ�/�Ti�iBQM �m MQmp2H 2MpB`QMM2K2MiX G2b ?vTQi?ĕb2b

;ûMûiB[m2b TQmp�Mi 2tTHB[m2` +2 i2KTb /Ƕ�ii2Mi2 TQbimH2Mi [mǶmM i2KTb bm{b�KK2Mi HQM; 2bi

R8



Mû+2bb�B`2- TQm` [m2 /2 MQmp2HH2b Kmi�iBQMb �TT�`�Bbb2Mi- Qm [m2 +2HH2b@+B Qm H� p�`B�iBQM /ûD¨

T`ûb2Mi2 bQB2Mi bûH2+iBQMMû2b- Qm #B2M TQm` [m2 H� /Bp2`bBiû ;ûMûiB[m2 �TTQ`iû2 T�` /Ƕ�mi`2b

TQTmH�iBQMb UQm 2bTĕ+2bV BMi`Q/mBi2b bQBi bm{b�Mi2 TQm` T2`K2ii`2 HǶ�/�Ti�iBQM U"Q+F 2i �HX

kyR8VX .2 H� KāK2 7�ÏQM [m2 TQm` H� /Bp2`bBiû ;ûMûiB[m2- H2 `ƬH2 /2 HǶ�/�Ti�iBQM /�Mb H2 bm++ĕb

/ǶBMp�bBQM MǶ2bi T�b 2M+Q`2 i`ĕb #B2M +QKT`Bb U6�+QM 2i �HX kyye c oB�`/ 2i �HX kyReVX

�BMbB- BH 2bi �TT�`m iƬi /�Mb H� HBiiû`�im`2 [m2 HǶ?v#`B/�iBQM TQmp�Bi �pQB` mM `ƬH2 BKTQ`i�Mi

/�Mb H2 T`Q+2bbmb /ǶBMp�bBQM- ûi�Mi +QMbB/û`û2 +QKK2 mM2 �m;K2Mi�iBQM BMbi�Mi�Mû2 /2 H�

/Bp2`bBiû ;ûMûiB[m2 2i /2b +�T�+Biûb /Ƕ�/�Ti�iBQM U1X �M/2`bQM 2i ai2##BMb RN89 c 1HHbi`�M/ 2i

a+?B2`2M#2+F kyyyVX

G2b i2`K2b ?v#`B/�iBQM 2i �/KBtim`2- THmiƬi ;ûMû`B[m2b 2M #BQHQ;B[m2- T2mp2Mi 7�B`2 `û7û@

`2M+2- /�Mb H2 /QK�BM2 /2b BMp�bBQMb- �mbbB #B2M �m +`QBb2K2Mi 2Mi`2 /2mt TQTmH�iBQMb /ǶmM2

KāK2 2bTĕ+2 [mǶ�m +`QBb2K2Mi 2Mi`2 THmbB2m`b 2bTĕ+2bX GǶ�/KBtim`2 2Mi`2 THmbB2m`b TQTmH�@

iBQMb /ǶmM2 KāK2 2bTĕ+2 UT�`7QBb [m�HB}û2 /Ƕ?v#`B/�iBQM BMi`�bTû+B}[m2V 2bi TQbbB#H2 HQ`b[m2

H2b BMp�bBQMb BKTHB[m2Mi /2b bQm`+2b KmHiBTH2bX *Ƕ2bi H2 +�b /2b Hûx�`/b U V BMi`Q@

/mBib 2M 6HQ`B/2 [mB T`ûb2Mi2Mi mM2 /Bp2`bBiû ;ûMûiB[m2 bmTû`B2m`2 /�Mb +2ii2 �B`2 /ǶBMi`Q/m+iBQM

+QKT�`û2 ¨ HǶ�B`2 M�iBp2- /m2 ¨ /2b BMi`Q/m+iBQMb KmHiBTH2b UEQH#2 2i �HX kyy9VX GǶ?v#`B/�iBQM

BMi2`bTû+B}[m2 T2mi �mbbB āi`2 T`ûb2Mi2 HQ`b /ǶmM2 BMi`Q/m+iBQM- bQBi 2Mi`2 THmbB2m`b 2bTĕ+2b

BMi`Q/mBi2b- bQBi �p2+ /2b 2bTĕ+2b M�iBp2b T`Q+?2bX �##Qii URNNkV +QM+Hm2 [m2 dW /2b 2bTĕ+2b

BMi`Q/mBi2b QMi K2Mû ¨ /2 HǶ?v#`B/�iBQM BMi2`bTû+B}[m2 /�Mb H2b ŗH2b �M;HQ@b�tQMM2bX

AH 2bi +QKKmMûK2Mi bm;;û`û [m2 HǶ�/KBtim`2 �m;K2Mi2 H2b +?�M+2b /2 bm++ĕb /2 +QHQMB@

b�iBQM /2b 2bTĕ+2b BMi`Q/mBi2b UpQB` _Bmb 2i .�`HBM; kyR9 TQm` mM2 bvMi?ĕb2- pQB` 6�+QM 2i �HX

kyy3 TQm` mM 2t2KTH2VX *2T2M/�Mi- H2b #ûMû}+2b TQbbB#H2b /2b �/KBtim`2b 2i H2m`b HB2Mb +�m@

b�mt �p2+ H2 +�`�+iĕ`2 BMp�bB7 bQMi /û#�iimb U.Hm;Qb+? 2i S�`F2` kyy3 c *?�TTH2 2i �HX kyRj c

_Bmb 2i .�`HBM; kyR9 c "�`F2` 2i �HX kyR3VX .�Mb mM T`2KB2` i2KTb- BH 2bi bQmp2Mi /B{+BH2 /2

b�pQB` bB HǶ�/KBtim`2 T`û+ĕ/2 Qm MQM H� T?�b2 /ǶBMp�bBQMX .2 THmb- H2 `ûbmHi�i BKKû/B�i /2

HǶ?v#`B/�iBQM- bm`iQmi BMi2`bTû+B}[m2- 2bi /B{+BH2K2Mi T`ûpBbB#H2 2i /ûT2M/ MQM b2mH2K2Mi /2

7�+i2m`b #BQiB[m2b 2i �#BQiB[m2b- K�Bb �mbbB /m /2;`û /ǶBbQH2K2Mi `2T`Q/m+iB7 2Mi`2 HB;Mû2b 2i

/m MBp2�m /Ƕ?v#`B/�iBQM U+7X T�`iB2 BXRVX S�` 2t2KTH2- H� p�H2m` bûH2+iBp2 /2b ?v#`B/2b T2mi āi`2

BKTQ`i�Mi2 /�Mb H� T`2KBĕ`2 ;ûMû`�iBQM U6RV 2i /û+`Qŗi`2 /�Mb /2b bi�/2b THmb �p�M+ûb /Ƕ?v@

#`B/�iBQM U/ûT`2bbBQM /Ƕ?v#`B/�iBQM c pQB` +?�TBi`2 9VX .ûi2`KBM2` H2b b+ûM�`BQb Qɍ HǶ?v#`B/�iBQM

�m`� mM 2z2i TQbBiB7 2i H2m` T`Q#�#BHBiû bǶ�pĕ`2 2M `û�HBiû /B{+BH2X G2b 2z2ib /2 HǶ�/KBtim`2 bm`

H� p�H2m` bûH2+iBp2 /�Mb H� T2`bT2+iBp2 /2b BMp�bBQMb QMi bm`iQmi ûiû ûim/Bûb +?2x H2b TH�Mi2b

U1HHbi`�M/ 2i a+?B2`2M#2+F kyyy c _B2b2#2`; 2i �HX kyyd c >QpB+F 2i q?BiM2v kyR9V- 2i #2�m+QmT

KQBMb +?2x /2b 2bTĕ+2b �MBK�H2bX

GǶ?v#`B/�iBQM- bQmp2Mi +QMbB/û`û2 TQm` b� +�T�+Biû ¨ �m;K2Mi2` H� /Bp2`bBiû ;ûMûiB[m2

/�Mb H2 T`Q+2bbmb /ǶBMp�bBQM- T2mi �mbbB BM~m2M+2` H2b 7�+i2m`b /ûKQ;`�T?B[m2bX S�` 2t2KTH2-

2HH2 T2mi T2`K2ii`2 /2 +QMiQm`M2` /2b 2z2ib /2 /2MbBiû /ûT2M/�M+2 U2z2ib �HH22V HQ`b /2

HǶBMi`Q/m+iBQM 2M T2`K2ii�Mi �m ;ûMQivT2 BMp�bB7 /2 bǶ�TTmv2` bm` H� /ûKQ;`�T?B2 /m ;ûMQivT2

2Mp�?B UJ2b;�`�M 2i �HX kyReVX
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G2b #BQHQ;Bbi2b ûpQHmiB7b bQMi H� THmT�`i /m i2KTb +QMi`�BMib �mt BM7û`2M+2b BM/B`2+i2b ¨ T�`iB`

/2b p�`B�iBQMb ;ûMQKB[m2b �+im2HH2b- /2 HǶ�.L �M+B2M Qm /ǶûpQHmiBQM 2tTû`BK2Mi�H2 U"Q+F 2i

�HX kyR8VX G2b BMi`Q/m+iBQMb T2mp2Mi āi`2 +QMbB/û`û2b /ǶmM TQBMi /2 pm2 b+B2MiB}[m2 +QKK2

/2b 72Māi`2b bm` H2b T`Q+2bbmb û+QHQ;B[m2b 2i ûpQHmiB7b- 2i +QMbiBim2` /2 pû`Bi�#H2b 2tTû`B2M+2b

;`�M/2m` M�im`2 K2M�Mi ¨ /2b �p�M+û2b /�Mb H� +QKT`û?2MbBQM /2 HǶ�/�Ti�iBQM- /2 H� TH�biB+Biû

T?ûMQivTB[m2- /2 H� /ûKQ;`�T?B2- /2b +QKTûiBiBQMb- /m `ƬH2 /2 H� /Bp2`bBiû ;ûMûiB[m2 Qm /2

HǶ?v#`B/�iBQM U"Q+F 2i �HX kyR8VX

G2b BMi`Q/m+iBQMb K2M�Mi ¨ HǶ?v#`B/�iBQM- bQBi 2Mi`2 mM2 2bTĕ+2 MQM BM/B;ĕM2 2i mM2 2bTĕ+2

M�iBp2- bQBi 2Mi`2 /2mt 2bTĕ+2b MQM BM/B;ĕM2b- `2T`ûb2Mi2Mi /2 MQmp2�mt +QMi�+ib b2+QM/�B`2b

2Mi`2 HB;Mû2b ;ûMûiB[m2K2Mi /Bzû`2M+Bû2bX *2 ivT2 /ǶûpĕM2K2Mi T2mi āi`2 [m�HB}û /ǶĿ ?v#`B@

/�iBQM �Mi?`QTQ;ûMB[m2 ŀX *QKK2 BM/B[mû /�Mb H� T�`iB2 BXRX9- H2b +QMi�+ib `û+2Mib T2mp2Mi

/2p2MB` mM2 bQm`+2 BKTQ`i�Mi2 /ǶBM7Q`K�iBQMb bm` H2b T`Q+2bbmb ¨ HǶƾmp`2 /m`�Mi H� T?�b2 BMBiB�H2

/ǶmM +QMi�+i b2+QM/�B`2 U"Qm+?2KQmbb2 2i �HX kyReVX GǶ�bT2+i +QMi2KTQ`�BM T2mi û;�H2K2Mi

T2`K2ii`2 /Ƕûp�Hm2` H2b 2z2ib /2 H� /vM�KB[m2 /Ƕ�p�M+2 2i /2 H� /ûKQ;`�T?B2 bm` H2b T`Q+2b@

bmb ûpQHmiB7bX G� 7Q`K�iBQM /ǶmM2 xQM2 /Ƕ?v#`B/�iBQM HQ`b /ǶmM2 BMp�bBQM /QMM2 H� TQbbB#BHBiû

/2 `ûbQm/`2 +2`i�BMb T�`�/B;K2b /2 H� ;ûMûiB[m2 /2b BMp�bBQMbX 1M 2z2i- H2b Kûi?Q/2b +H�b@

bB[m2b /Ƕûim/2 /2b xQM2b /2 i2MbBQM T2mp2Mi bǶ�TTHB[m2` TQm` i2bi2` T�` 2t2KTH2 H2b ?vTQi?ĕb2b

/ǶBMi`Q;`2bbBQM �/�Ti�iBp2- bQmp2Mi +QMbB/û`û2b /�Mb H2 /QK�BM2 /2 H� #BQHQ;B2 /2b BMp�bBQMb

U*QH�miiB 2i �HX kyRdVX

G� `2M+QMi`2 /2 /2mt HB;Mû2b /Bzû`2M+Bû2b T2mi �#QmiB` ¨ /2 MQK#`2mt `ûbmHi�ib bmBp�Mi

H2b +QMi2ti2b /ûKQ;`�T?B[m2b- û+QHQ;B[m2b 2i bT�iB�mt U�HH2M/Q`7 2i �HX kyyRVX GǶ2bTĕ+2 M�iBp2

T2mi TQi2MiB2HH2K2Mi āi`2 �#bQ`#û2 T�` H� p�;m2 /Ƕ�p�M+2 /2 HǶ2bTĕ+2 BMi`Q/mBi2 2i K2M2` ¨ +2

[m2 +2`i�BMb �mi2m`b [m�HB}2Mi /ǶĿ 2tiBM+iBQM T�` ?v#`B/�iBQM ŀ U_?vK2` 2i aBK#2`HQz RNNeVX

.�Mb +2`i�BMb +�b- HǶ?v#`B/�iBQM T2mi �#QmiB` ¨ mM ûpĕM2K2Mi /2 bTû+B�iBQM- MQi�KK2Mi /�Mb

/2b bBim�iBQMb /2 TQHvTHQś/Bb�iBQM U/Bi2 bTû+B�iBQM �HHQTQHvTHQś/2VX S�` 2t2KTH2 /�Mb H2 ;2M`2

- 2bi H2 `ûbmHi�i /2 HǶ?v#`B/�iBQM 2Mi`2 mM2 2bTĕ+2 BMi`Q/mBi2- - 2i

HǶ2bTĕ+2 M�iBp2 U62``Bb 2i �HX RNNd- pQB` �MiiBH� 2i �HX kyyy TQm` mM �mi`2 2t2KTH2VX

*2`i�BMb �HHĕH2b HQ+�mt T2mp2Mi BMi`Q;`2bb2` H� TQTmH�iBQM BMp�bBp2- /2 K�MBĕ`2 M2mi`2 U*m``�i

2i �HX kyy3V- Qm HBûb ¨ /2 HǶ�/�Ti�iBQM HQ+�H2 +QMi`B#m�Mi ¨ HǶBMp�bBQM Ua+?B2`2M#2+F 2i 1HHbi`�M/

kyyNVX G� bBim�iBQM QTTQbû2 /ǶBMi`Q;`2bbBQM /Ƕ�HHĕH2b BMp�bB7b /�Mb H� HB;Mû2 M�iBp2 2bi �mbbB

TQbbB#H2 U6BixT�i`B+F 2i �HX kyyNV- #B2M [mǶ2HH2 bQBi i?ûQ`B[m2K2Mi THmb `�`2 U*m``�i 2i �HX

kyy3VX

Rd



S?QiQb /2b
i`QBb 2bTĕ+2b /2 HǶ?ûKB@
bT?ĕ`2 MQ`/ /m +QKTH2t2

X .2 ;�m+?2 ¨
/`QBi2 , -

2i X
aQm`+2 , CQQT h`�mb2H 2i
6`�Mb aHB2F2`- L�im`�H >Bb@
iQ`v Jmb2mK _Qii2`/�K

S�`KB H2b +QKTH2t2b /Ƕ2bTĕ+2b BMiû`2bb�Mib TQm` H2m`b T�`iB+mH�`Biûb /ǶBbQH2K2Mi `2T`Q/m+iB7

T�`iB2H- HǶmM /2b THmb ûim/Bûb /�Mb H2 KBHB2m K�`BM 2bi +2HmB /2 H� KQmH2 #H2m2 U -

6B;m`2 dVX AH 2bi +QKTQbû /2 i`QBb 2bTĕ+2b /�Mb HǶ?ûKBbT?ĕ`2 MQ`/-

UGBMMû- Rd83V- UG�K�`+F- R3RNV 2i U:QmH/- R38yV c �BMbB

[m2 /2 i`QBb 2bTĕ+2b /�Mb HǶ?ûKBbT?ĕ`2 bm/- UG�K�`+F- R3RNV-

U/ǶP`#B;Mv- R39kV 2i U>mTû- R389VX *2b 2bTĕ+2b ¨ /Bbi`B#miBQMb �MiBi`QTB+�H2b bQMi

BMi2`7û+QM/2b 2i T`Q/mBb2Mi /2b ?v#`B/2b pB�#H2bX 1HH2b QMi mM2 ?BbiQB`2 ûpQHmiBp2 /2 /Bp2`;2M+2

HQM;m2 TQM+imû2 T�` /2b ûpĕM2K2Mib /2 ~mt /2 ;ĕM2bX �m +Qm`b /2 K� i?ĕb2- D2 K2 bmBb

T`BM+BT�H2K2Mi BMiû`2bbû �mt 2bTĕ+2b /2 HǶ?ûKBbT?ĕ`2 MQ`/X G2 ;2M`2 `2;`QmT2 /2mt

2bTĕ+2b bmTTHûK2Mi�B`2b- 2i U�M+B2MM2K2Mi V-

THmb ûHQB;Mû2b T?vHQ;ûMûiB[m2K2Mi 2i +QKKmMûK2Mi MQM +QKT`Bb2b /�Mb H2 +QKTH2t2 /Ƕ2bTĕ+2b

X *2T2M/�Mi TQm``� āi`2 miBHBbû2 +QKK2 ;`QmT2 2ti2`M2 HQ`b /Ƕ�M�Hvb2b

;ûMQKB[m2bX

G� /ûHBKBi�iBQM �+im2HH2 /2b /Bzû`2Mi2b 2bTĕ+2b /m +QKTH2t2 M2 bǶ2bi 7�Bi2 [m2

`2H�iBp2K2Mi `û+2KK2Mi ;`�+2 �mt ûim/2b ;ûMûiB[m2b Uo�`pBQ 2i �HX RN33 c EQ2?M RNNR c J+@

.QM�H/ 2i �HX RNNRVX 1M 2z2i- K�H;`û /2 MQK#`2mt 2zQ`ib /2 +H�bbB}+�iBQM bm` /2b #�b2b

KQ`T?QHQ;B[m2b �p2+ /2b �TT`Q+?2b KmHiB/BK2MbBQMM2HH2b- H� 7Q`i2 p�`B�#BHBiû BMi`�bTû+B}[m2-

HǶBMi2`;`�/�iBQM BKTQ`i�Mi2 2Mi`2 2bTĕ+2b �BMbB [m2 HǶ�#b2M+2 /2 +`Biĕ`2b KQ`T?QHQ;B[m2b /Bb@

+`BKBM�Mib MǶQMi D�K�Bb T2`KBb /ǶQ#i2MB` /2b `ûbmHi�ib �mbbB TmBbb�Mib [mǶ�p2+ H� ;ûMûiB[m2

U+7X `û7û`2M+2b /�Mb E�`i�pib2p 2i �HX kyy8VX �BMbB- /2 MQK#`2mb2b ûim/2b b2 bQMi #�bû2b bm`

[m2H[m2b K�`[m2m`b ;ûMûiB[m2b �}M /ǶB/2MiB}2` H2b 2bTĕ+2b 2i ?v#`B/2bX GǶ�p�M+û2 /2b Kû@

i?Q/2b � T2`KBb /ǶQ#b2`p2` mM MQK#`2 MQM Mû;HB;2�#H2 /ǶBMi`Q;`2bbBQMb �mbbB #B2M HQ+�H2b-

/�Mb +2`i�BM2b TQTmH�iBQMb- [m2 ;HQ#�H2b- bm` HǶ2Mb2K#H2 /2 HǶ�B`2 /2 `ûT�`iBiBQM /2 HǶ2bTĕ+2

U6`�śbb2 2i �HX kyRe�V- K2ii�Mi 2M T2`bT2+iBp2 HǶmiBHBb�iBQM /ǶmM MQK#`2 HBKBiû /2 K�`[m2m`b

TQm` HǶB/2MiB}+�iBQMX

R3



AMi`Q/m+iBQM

AH 2bi ?�#Bim2HH2K2Mi TQbimHû [m2 2i QMi /Bp2`;û /2

BH v � 2MpB`QM jX8 KBHHBQMb /Ƕ�MMû2b UJ�V- bm` H� #�b2 /2 HǶQmp2`im`2 /m /ûi`QBi /2 "2``BM;

[mB �m`�Bi T2`KBb H� +QHQMBb�iBQM /2 HǶQ+û�M �iH�MiB[m2 T�` HǶ�M+āi`2 +QKKmM ¨ +2b i`QBb 2b@

Tĕ+2b U_�rbQM 2i hX CX >BH#Bb? RNN8VX :`�+2 ¨ /2b KQ/ĕH2b /ûKQ;`�T?B[m2b BM+Hm�Mi H2b ~mt

/2 ;ĕM2b �v�Mi 2m HB2m /m`�Mi H2b Qb+BHH�iBQMb ;H�+B�B`2b /m Zm�i2`M�B`2- _Qmt 2i �HX UkyR9V

2i 6`�śbb2 2i �HX UkyR3#V QMi 2biBKû H� /Bp2`;2M+2 2Mi`2 2i ¨

2MpB`QM kX8 J�X .2mt ?vTQi?ĕb2b QMi ûiû T`QTQbû2b TQm` 2tTHB[m2` H� /Bp2`;2M+2 BMBiB�H2 2Mi`2

2i U.�;mBM kyyyVX G� T`2KBĕ`2 T`QTQb2 mM2 7Q`K�iBQM /2

2M Jû/Bi2``�Mû2 �m SHûBbiQ+ĕM2 /m2 �mt ûTBbQ/2 ;H�+B�B`2b U"�`bQiiB 2i J2HmxxB

RNe3VX G� b2+QM/2 T`QTQb2 [m2 �Bi /û`Bpû /ǶmM2 `�KB}+�iBQM /2

�v�Mi T2`bBbiû /�Mb H� K2` hûi?vb U∼ky J�V THmiƬi [m2 /m ;`QmT2 @

Uo2`K2BD RNNkVX Zm2H [m2 bQBi H2 b+ûM�`BQ /2 /Bp2`;2M+2 BMBiB�H- bǶ2M 2bi bmBpB mM2 ?BbiQB`2 /2

~mt ;ûMB[m2 TQM+im2H- /2 `2KBb2b 2M +QMi�+i- �m ;`û /2b +v+H2b ;H�+B�B`2b /m Zm�i2`M�B`2 [mB

QMi `2/Bbi`B#mû H2b `ûT�`iBiBQMb ;ûQ;`�T?B[m2b /2 +2b 2bTĕ+2b U>2rBii kyyyVX

*?�[m2 2bTĕ+2 �v�Mi mM2 H�`;2 �B`2 /2 /Bbi`B#miBQM bm` THmbB2m`b +QMiBM2Mib- BH 2tBbi2 /2b

bQmb@TQTmH�iBQMb Ĝ [m2 HǶQM T2mi �mbbB [m�HB}2` /2 HB;Mû2b ;ûMûiB[m2b Ĝ �m b2BM /2 +?�+mM2

/Ƕ2HH2b U6B;m`2 3VX G� /Bzû`2M+B�iBQM BMi`�bTû+B}[m2 2bi H2 `ûbmHi�i ¨ H� 7QBb /2 Tû`BQ/2b /ǶBbQH2@

K2Mi /m`�Mi H2b +v+H2b ;H�+B�B`2b- /ǶBbQH2K2Mi T�` H� /Bbi�M+2- �BMbB [m2 /ǶBMi`Q;`2bbBQM HQ+�H2

/Ƕ�HHĕH2b /2b �mi`2b 2bTĕ+2b U6`�śbb2 2i �HX kyRe�VX G� 6B;m`2 N 2bi mM2 pBbBQM b+?ûK�iB[m2

/2b /Bzû`2Mi2b TQTmH�iBQMb /2 /�Mb HǶ?ûKBbT?ĕ`2 MQ`/ �BMbB [m2 /2 H2m`b BMi`Q;`2bbBQMb

M�im`2HH2bX

GǶmM2 /2b /Bzû`2M+B�iBQMb H2b THmb BKTQ`i�Mi2b TQm` H� +QKT`û?2MbBQM /2 +2ii2 i?ĕb2 2bi

H� /Bp2`;2M+2 2Mi`2 H2b HB;Mû2b Kû/Bi2``�Mû2MM2b UK2/XV 2i �iH�MiB[m2b U�iHXV /2

Ua�MDm�M 2i �HX RNN9 c Zm2b�/� 2i �HX RNN8#-+VX *2ii2 /Bp2`;2M+2 2bi H2 `ûbmHi�i

/ǶûpĕM2K2Mib /2 pB+�`B�M+2 2Mi`2 HǶP+û�M �iH�MiB[m2 2i H� K2` Jû/Bi2``�Mû2 /m`�Mi H2b /2`@

MBĕ`2b Qb+BHH�iBQMb ;H�+B�B`2b /m Zm�i2`M�B`2 UZm2b�/� 2i �HX RNN8#VX *2b /2mt HB;Mû2b 7Q`K2Mi

/2mt xQM2b /Ƕ?v#`B/�iBQM T�`�HHĕH2b �m MQ`/ 2i �m bm/ /2 H� Jû/Bi2``�Mû2- �m MBp2�m /m 7`QMi

Q+û�MB[m2 �HKû`B�@P`�M U1H �v�`B 2i �HX kyRN c 6B;m`2 3VX G� xQM2 /Ƕ?v#`B/�iBQM /m MQ`/ 2bi

mM +HBM2 /2 R8y FK /2 H�`;2- i�M/Bb [m2 H� xQM2 /Ƕ?v#`B/�iBQM /m bm/ 2bi mM2 H�`;2 xQM2 /Ƕ?v@

#`B/�iBQM KQb�ś[m2 bǶûi2M/�Mi bm` eyy FK /2 H�`;2 2Mi`2 P`�M 2i H� #�B2 /2 "2D�B� 2M �H;û`B2X

lM2 T�`iB2 /2 H� /Bp2`;2M+2 Q#b2`pû2 2Mi`2 +2b /2mt HB;Mû2b 2bi /m2 ¨ HǶBMi`Q;`2bbBQM /Ƕ�HHĕH2b

2M �iHX �p2+ H2b[m2HH2b 2HH2b bQMi 2M +QMi�+i THmb �m MQ`/ U"B2`M2 2i �HX kyyj# c 6`�śbb2

2i �HX kyRe�VX SHmb ûiQMM�KK2Mi- [m2H[m2b BMi`Q;`2bbBQMb /Ƕ�HHĕH2b bQMi Q#b2`pû2b

2M Jû/Bi2``�Mû2 bm;;û`�Mi mM +QMi�+i �M+B2M 2Mi`2 2i H� HB;Mû2 Kû/Bi2``�Mû2MM2 /2

U:Qbb2i 2i "B2`M2 kyRj c 6`�śbb2 2i �HX kyRe�VX

2i TQbbĕ/2Mi /2b HB;Mû2b �Kû`B+�BM2b 2i 2m`QTû2MM2b U6B;m`2b 3

2i NVX G� TQTmH�iBQM /2 /2 H� K2` "�HiB[m2 2bi i`ĕb T�`iB+mHBĕ`2 TmBb[mǶ2HH2 2bi

7Q`i2K2Mi BMi`Q;`2bbû2 T�` X S�` 2t2KTH2- H� KBiQ+?QM/`B2 72K2HH2 /2 �

+QKTHĕi2K2Mi `2KTH�+û +2HH2 /2 /�Mb +2ii2 TQTmH�iBQMX J�H;`û HǶQ`B;BM�HBiû /2

RN







*?�`H2brQ`i? 2i �HX kyReVX a2mH2K2Mi [m�i`2 �Mb THmb i�`/- H� T`2KBĕ`2 ûim/2 bǶBMiû`2bb�Mi �mt

p�`B�iBQMb �HHûHB[m2b 2Mi`2 k9 TQTmH�iBQMb /2 bm` H� +Ƭi2 1bi /2b úi�ib@lMBb ûi�Bi

T`ûb2Miû2- 2i Tm#HBû2 /2mt �Mb THmb i�`/ UJBHFK�M 2i "2�iv RNdy c EQ2?M 2i JBiiQM RNdkVX

*2 /ûp2HQTT2K2Mi `�TB/2 /2 H� Kûi?Q/2 /2b �HHQxvK2b TQm` - �BMbB [m2 H� /û+Qmp2`i2

/ǶmM2 7Q`i2 /Bp2`bBiû ;ûMûiB[m2 2i /2 T�i`QMb /2 +?�M;2K2Mib +HBM�mt /2 7`û[m2M+2 �HHûHB[m2-

QMi H�`;2K2Mi +QMi`B#mû ¨ bQM miBHBb�iBQM BKTQ`i�Mi2 +QKK2 KQ/ĕH2 /Ƕûim/2 /2 H� bTû+B�iBQM-

/2 H� ;ûMûiB[m2 /2b TQTmH�iBQMb- /2 HǶ?v#`B/�iBQM 2i /2 HǶ�/�Ti�iBQM 2M KBHB2m K�`BM UEQ2?M

2i �HX RNde c aFB#BMbFB 2i �HX RNd3� c EQ2?M 2i �HX RN3y c o�`pBQ 2i �HX RN33VX 1M 1m`QT2- H�

T`2KBĕ`2 ûim/2 /Ƕ�HHQxvK2b +?2x T�` �?K�/ 2i "2�`/KQ`2 URNdeV bǶ2bi BMiû`2bbû2

¨ H� /Bzû`2M+B�iBQM 2Mi`2 2i H� Ŀ S�/biQr Kmbb2H ŀ- mM2 TQTmH�iBQM /2 KQmH2b /2

*Q`MQm�BHH2b ¨ H� KQ`T?QHQ;B2 BM?�#Bim2HH2- [mB bǶ2bi �pû`û2 THmb i�`/ āi`2 X

.2TmBb mM T2m KQBMb /2 ey �Mb- HǶ2Mb2K#H2 /2b i2+?MB[m2b /2 ;ûMûiB[m2 TmBb ;ûMQKB[m2

/BbTQMB#H2b QMi ûiû miBHBbû2b +?2x H2b KQmH2b- �HH�Mi /2b �HHQxvK2b �mt ;ûMQK2b +QKTH2ib- 2M

T�bb�Mi T�` H2b KB+`Qb�i2HHBi2b- H2b _6GSb - H2b aLSb H2 _�.b2[ - Qm 2M+Q`2 H2 _L�b2[

UpQB` HǶ2Mb2K#H2 /2b `û7û`2M+2b /�Mb w#�rB+F� 2i �HX kyRN- TX k- �BMbB [m2 _QKB;mB2` 2i �HX

kyR9 c 6`�śbb2 2i �HX kyRe�- kyR3# 2i SQTQpB+ 2i �HX kyRN TQm` HǶmiBHBb�iBQM /m _L�b2[ 2M

;ûMQKB[m2 /2b TQTmH�iBQMb /2 KQmH2bVX GǶ2Mb2K#H2 /2 +2b i2+?MB[m2b � T2`KBb /2 /û+`B`2 H�

/Bp2`bBiû ;ûMûiB[m2 i`ĕb ûH2pû2 /2b 2bTĕ+2b /2 U ûi�Bi H� /2mtBĕK2 2bTĕ+2

H� THmb TQHvKQ`T?2 /2b d8 2bTĕ+2b �MBK�H2b ûim/Bû2b 2M _L�b2[ T�` _QKB;mB2` 2i �HX kyR9- 2i

2i H2b R9 2i R8 V- H2b xQM2b /Ƕ?v#`B/�iBQM KmHiBTH2b 2tBbi�Mi2b 2i

H2b ~mt /2 ;ĕM2b �v�Mi BKT�+iû +2b /Bzû`2Mi2b 2bTĕ+2b U6`�śbb2 2i �HX kyRe�- kyR3#VX

GǶmM2 /2b +�`�+iû`BbiB[m2b /2b xQM2b /2 +QMi�+i 2Mi`2 H2b /Bzû`2Mi2b 2bTĕ+2b /m +QKTH2t2

2bi HǶ2tBbi2M+2 /2 Ŀ xQM2b /Ƕ?v#`B/�iBQM KQb�ś[m2b ŀX *2 i2`K2- T`QTQbû T�` >�``BbQM URN3eV-

/ûbB;M2 mM2 �Hi2`M�M+2 /2 ivT2b T�`2Mi�mt /�Mb HǶ2bT�+2- bûT�`ûb T�` /2b xQM2b /2 i`�MbBiBQM

Qm xQM2b /Ƕ?v#`B/�iBQMX G2 ;`QmT2 T`ûb2Mi2 /2b xQM2b /Ƕ?v#`B/�iBQM KQb�ś[m2b ¨ H�`;2

û+?2HH2 i`ĕb ûim/Bû2b H2 HQM; /2b +Ƭi2b Qm2bi@2m`QTû2MM2b- /m S�vb "�b[m2 Dmb[mǶ�m MQ`/ /2b

ŗH2b �M;HQ@b�tQMM2b U6B;m`2 3VX *2b �Hi2`M�M+2b /Ƕ2bTĕ+2b QMi T2`KBb HǶûim/2 /2 HǶ?v#`B/�iBQM 2i

/2 HǶBMi`Q;`2bbBQM 2M KBHB2m K�`BM UaFB#BMbFB 2i "2�`/KQ`2 RNdN c *Qmbi�m 2i �HX RNNR c Zm2b�/�

2i �HX RNN8� c "B2`M2 2i �HX kyyk# c :Qbb2i 2i "B2`M2 kyRj c 6`�śbb2 2i �HX kyRe�VX lM2 �mi`2 xQM2

/Ƕ?v#`B/�iBQM T�`iB+mHBĕ`2K2Mi ûim/Bû2 2bi +2HH2 bûT�`�Mi H2b /2 H� K2` "�HiB[m2

/2b /2 H� K2` /m LQ`/ U6B;m`2 3 c o BMQH  2i >pBHbQK RNNR c ai`2HFQp 2i �HX kyRdVX

.Bzû`2Mi2b #�``Bĕ`2b `2T`Q/m+iBp2b bQMi +QMMm2b TQm` H2 +QKTH2t2 /Ƕ2bTĕ+2b X

hQmi /Ƕ�#Q`/- mM +2`i�BM MQK#`2 /2 #�``Bĕ`2b T`û@xv;QiB[m2b QMi Tm āi`2 Q#b2`pû2b +QKK2

/2 H� T`û7û`2M+2 /Ƕ?�#Bi�i U"B2`M2 2i �HX kyyj� c E�iQHBFQp� 2i �HX kyReV- /2 H� `2+QMM�Bbb�M+2

/2b ;�Kĕi2b U"B2`M2 2i �HX kyyk� c _�rbQM 2i �HX kyyj c aT`BM;2` 2i *`2bTB kyyd c EHB#�MbFv 2i

J+*�`iM2v kyR9V 2i /2 HǶ�bvM+?`QMB2 `2T`Q/m+iBp2 U:�`/M2` 2i aFB#BMbFB RNNy c "B2`M2 2i �HX

kk



AMi`Q/m+iBQM

kyyj�VX J�H;`û +2b #�``Bĕ`2b- QM Q#b2`p2 /2 K�MBĕ`2 7`û[m2Mi2 /2b ?v#`B/2b /�Mb H2b xQM2b /2

bvKT�i`B2X *2+B TQm``�Bi āi`2 /ȿ ¨ mM2 p�`B�#BHBiû BMi`�bTû+B}[m2 /2 H� Tû`BQ/2 /2 `2T`Q/m+iBQM

7Q`i2K2Mi HBû2 �mt +QM/BiBQMb 2MpB`QMM2K2Mi�H2b Ua22/ RNdeV- 2i TQmp�Mi T2mi@āi`2 2M;2M/`2`

/2b +?2p�m+?2K2Mib T�`iB2Hb Qm +QKTH2ib /2 H� `2T`Q/m+iBQM- Qm 2M+Q`2 ¨ H� TQbbB#BHBiû /ǶmM2

û`QbBQM /2b #�``Bĕ`2b /2 72`iBHBb�iBQM /�Mb /2b TQTmH�iBQMb BMi`Q;`2bbû2b UaH�m;?i2` 2i �HX kyy3VX

G2b +QMbû[m2M+2b /2 #�``Bĕ`2b TQbi@xv;QiB[m2b- b2 i`�/mBb�Mi T�` /2 H� bûH2+iBQM +QMi`2 H2b

?v#`B/2b- bQMi Q#b2`pû2b 2tTû`BK2Mi�H2K2Mi �m bi�/2 H�`p�B`2 U"B2`M2 2i �HX kyyk�- kyyeV K�Bb

bQMi THmb /B{+BH2b ¨ Q#b2`p2` 2M KBHB2m M�im`2HX lM �`;mK2Mi bmTTHûK2Mi�B`2 TQmp�Mi MQmb

BM/B[m2` HǶ2tBbi2M+2 /2 #�``Bĕ`2b TQbi@xv;QiB[m2b 2bi H� bi�#BHBiû /2b xQM2b /Ƕ?v#`B/�iBQM +QMMm2b

2Mi`2 H2b /Bzû`2Mi2b 2bTĕ+2b /2 bTTX- TmBb[m2 H� +QM+Q`/�M+2 /2 +2b Q#b2`p�iBQMb �p2+

H� i?ûQ`B2 /2b xQM2b /2 i2MbBQM `2[mB2`i mM2 #�H�M+2 2Mi`2 H� KB;`�iBQM 2i H� +QMi`2@bûH2+iBQM /2b

?v#`B/2b U"�`iQM 2i >2rBii RN38- RN3NVX G2b Kû+�MBbK2b ;ûMûiB[m2b +`û�Mi +2b #�``Bĕ`2b TQbi@

xv;QiB[m2b TQm``�B2Mi +QKT`2M/`2 /2b BM+QKT�iB#BHBiûb /2 ivT2 ".JA U"B2`M2 2i �HX kyyeV- K�Bb

bQMi �mbbB +QM+BHB�#H2b �p2+ /2b KQ/ĕH2b THmb ;ûMû`�mt /ǶBM+QKT�iB#BHBiû ;ûMQKB[m2 UaBKQM 2i

�HX kyR3VX

G2b KQmH2b /m +QKTH2t2 - #B2M [m2 b2 bBim�Mi ¨ H� HBKBi2 ?�mi2 /2 H� xQM2 ;`Bb2 /2

H� bTû+B�iBQM 2M i2`K2 /2 /Bp2`;2M+2- KQMi`2Mi 2Mi`2 +2`i�BM2b 2bTĕ+2b mM MBp2�m /2 KB;`�iBQM

+QMi2KTQ`�BM2 û[mBp�H2Mi ¨ +2 [mB T2mi āi`2 Q#b2`pû 2Mi`2 TQTmH�iBQMb /ǶmM2 KāK2 2bTĕ+2

U6B;m`2 Ry- _Qmt 2i �HX kyReVX �bbQ+Bû2 ¨ HǶQ#b2`p�iBQM /2 MQK#`2mb2b xQM2b ?v#`B/2b- BH MǶ2bi

/QM+ T�b ûiQMM�Mi /2 +QM+Hm`2 [m2 HǶBMi`Q;`2bbBQM Ĝ [mǶ2HH2 bQBi �M+B2MM2- +QMi2KTQ`�BM2 Qm

HQ+�H2 Ĝ 2bi QKMBT`ûb2Mi2 �m b2BM /m +QKTH2t2 U6`�śbb2 2i �HX kyRe� 2i +?�TBi`2 RVX 1M

T`2M�Mi HǶ2Mb2K#H2 /2b 2bTĕ+2b 2i TQTmH�iBQMb /m +QKTH2t2 /Ƕ2bTĕ+2b - MQmb TQmpQMb

�pQB` mM2 +QMiBMmBiû 2ti`�Q`/BM�B`2 `2T`ûb2Mi�iBp2 /2 iQmb H2b bi�/2b /2 H� bTû+B�iBQM- 2M 7�Bb�Mi

mM KQ/ĕH2 /Ƕûim/2 /2 +?QBtX

G2 +QKTH2t2 `2;`QmT2 /2b 2bTĕ+2b ¨ 7Q`ib 2MD2mt 2MpB`QMM2K2Mi�mt 2i û+QMQ@

KB[m2bX G2b KQmH2b bQMi /2b 2bTĕ+2b +Hû /2b û+QbvbiĕK2b BMi2`iB/�mt T�` H2m` `ƬH2 /2 T`Q/m+@

i2m` b2+QM/�B`2- H2m` TQbBiBQM ¨ HǶBMi2`7�+2 2Mi`2 H2 KBHB2m TûH�;B[m2 2i #2Mi?B[m2 U}Hi`�iBQM

2i #BQ�++mKmH�iBQM- E�mibFv 2i 1p�Mb RN3dV- �BMbB [m2 H2m` `ƬH2 /ǶBM;ûMB2m` /2b û+QbvbiĕK2b

U"Q`i?�;�`�v 2i *�``�Mx� kyydVX G2b 2bTĕ+2b /m +QKTH2t2 - K�DQ`Bi�B`2K2Mi

2i - bQMi �mbbB +mHiBpû2b ¨ HǶû+?2HH2 KQM/B�H2 UKviBHB+mHim`2VX G2m` p�H2m`

û+QMQKB[m2 2bi BKTQ`i�Mi2 �p2+ THmb /2 k3y yyy iQMM2b T`Q/mBi2b 2M kyRe U6�P kyR3VX "B2M

[m2 H� KviBHB+mHim`2 MǶ�ii2B;M2 T�b H2 /2;`û Ŀ /Ƕ�p�M+2K2Mi i2+?MQHQ;B[m2 ŀ /Ƕ�mi`2b ivT2b

/Ƕ�[m�+mHim`2- /2b T`Q;`�KK2b /2 bûH2+iBQM +QKK2M+2Mi ¨ pQB` H2 DQm` UL;mv2M 2i �HX kyR9VX

.2 THmb- H� p�H2m` û+QMQKB[m2 /2b KQmH2b M2 bǶ�``āi2 T�b ¨ H2m` �ii`�Bi +mHBM�B`2- TmBb[mǶ2HH2b

bQMi �mbbB i`ĕb miBHBbû2b /�Mb H� bm`p2BHH�M+2 iQtB+QHQ;B[m2 U"2v2` 2i �HX kyRdV- Qm +QKK2 bQm`+2

/2 KQHû+mH2b �MiB@#�+iû`B2MM2b UhBM+m 2i h�vHQ` kyy9VX J�H;`û H2m` BKTQ`i�M+2 +QKK2 KQ/ĕH2

kj
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/2 p�`B�iBQMb bi`m+im`�H2b BKTQ`i�Mi2b T`Q/mBb�Mi /2b p�`B�iBQMb /2 T`ûb2M+2f�#b2M+2 �z2+i�Mi

∼k9W /2b ;ĕM2b Ubm` ey jj3 �m iQi�H c :2`/QH 2i �HX kyRNVX

GǶû+QHQ;B2 2i H2b i`�Bib /Ƕ?BbiQB`2 /2 pB2 �bbQ+Bûb ¨ H� `2T`Q/m+iBQM 2i HBûb ¨ H� `ûT�`iBiBQM

/2b 2bTĕ+2b ûim/Bû2b bQMi BKTQ`i�Mib �}M /ǶBMi2`T`ûi2` H2b ûpĕM2K2Mib /Ƕ?v#`B/�iBQM 2i /2 ~mt

/2 ;ĕM2bX G2b KQmH2b /m +QKTH2t2 /Ƕ2bTĕ+2b TQbbĕ/2Mi mM2 H�`;2 MB+?2 �m b2BM /2

HǶû+QbvbiĕK2 +ƬiB2`X G2m` /Bbi`B#miBQM ;ûQ;`�T?B[m2 bǶûi�Mi /2b xQM2b i2KTû`û2b �mt xQM2b

bm#�`+iB[m2 2i bm#�Mi�`+iB[m2- 2i 2bi H�`;2K2Mi /ûT2M/�Mi2 /2b i2KTû`�im`2b Ua22/ RNdeVX

GQ+�H2K2Mi- QM `2i`Qmp2 H2b KQmH2b K�DQ`Bi�B`2K2Mi 2M KBHB2m BMi2`iB/�H 2i bm#iB/�H bmTû`B2m`-

K�Bb TQmp�Mi �HH2` Dmb[mǶ¨ /2b T`Q7QM/2m`b /Ƕ2MpB`QM 9y K TQm` +2`i�BM2b TQTmH�iBQMb U2X;X

+2`i�BMb ;Bb2K2Mib T`Q7QM/b /2 2M LQ`K�M/B2- 6`�M+2VX G2b KQmH2b b2 /Bbi`B#m2Mi

û;�H2K2Mi bm` mM H�`;2 ;`�/B2Mi /2 b�HBMBiû- /Ƕ2tTQbBiBQM �mt p�;m2b 2i /2 bm#bi`�ib Ua22/

RNdeVX "B2M [mǶ�TT�`2KK2Mi T2m bûH2+iBp2b bm` H2m` ?�#Bi�i- H2b KQmH2b T2mp2Mi 2M `û�HBiû

T`ûb2Mi2` /2b T�i`QMb i`ĕb i`�M+?ûb /2 /Bbi`B#miBQM- MQi�KK2Mi /�Mb /2b xQM2b /2 bvKT�i`B2

2Mi`2 2bTĕ+2bX G� /Bbi`B#miBQM 2M bvKT�i`B2 /2 2i 2bi +Q``ûHû2

�p2+ H� b�HBMBiû- HǶ2tTQbBiBQM �mt p�;m2b Qm H� ?�mi2m` /2 K�`M�;2 U:�`/M2` RNN9 c "B2`M2 2i

�HX kyyk#V- +2 [mB +`û2 /2b T�i`QMb KB+`Q@;ûQ;`�T?B[m2b /2 p�`B�iBQM /2 H� /Bbi`B#miBQMX S�`

2t2KTH2- QM T2mi Q#b2`p2` /2b /Bzû`2M+2b /2 /Bbi`B#miBQM /Ƕ2bTĕ+2b ¨ [m2H[m2b +2Mi�BM2b /2

Kĕi`2b 2Mi`2 mM KBHB2m 2tTQbû 2i mM KBHB2m �#`Biû U*QK2b�Ƣ� 2i a�MDm�M RNNdVX .2 H� KāK2

K�MBĕ`2- 2i pBp�Mi 2M bvKT�i`B2 2M J2` "H�M+?2- QMi `2bT2+iBp2K2Mi /2b

�bbQ+B�iBQMb K�`[mû2b 2Mi`2 /2b bm#bi`�ib `Q+?2mt /2 7QM/ 2i /2b bm#bi`�ib �H;�mt UE�iQHBFQp�

2i �HX kyReVX

*2`i�BMb i`�Bib /Ƕ?BbiQB`2 /2 pB2 2i +�`�+iû`BbiB[m2b /2b KQmH2b K�`BM2b H2b `2M/2Mi T�`iB+m@

HBĕ`2K2Mi 2M+HBM2b �mt BMi`Q/m+iBQMbX G� bi`�iû;B2 /2 `2T`Q/m+iBQM /2b KQmH2b- K�Bb �mbbB /2

#2�m+QmT /ǶBMp2`iû#`ûb K�`BMb 2M ;ûMû`�H- `2TQb2 bm` H� T`Q/m+iBQM /ǶmM2 ;`�M/2 [m�MiBiû /2

/2b+2M/�Mib T2`K2ii�Mi /2 +QKT2Mb2` H� 7�B#H2 T`Q#�#BHBiû /2 bm`pB2 /2b H�`p2b U[m�HB}û2 /2

bi`�iû;B2 rVX G2m` `2T`Q/m+iBQM +QKTQ`i2 mM bi�/2 TûH�;B[m2 TH�M+iQi`QT?2 /Ƕ2MpB`QM i`QBb ¨

[m�i`2 b2K�BM2b- TQmp�Mi bǶûi2M/`2 /�Mb H2 i2KTb Dmb[mǶ¨ /Bt b2K�BM2b bmBp�Mi H2b +QM/BiBQMb

2MpB`QMM2K2Mi�H2b Ua22/ RNdeVX .m`�Mi +2ii2 Tû`BQ/2- H2b H�`p2b bQMi bQmKBb2b �mt +Qm`�Mib

K�`BMb 2i T2mp2Mi �BMbB āi`2 /BbT2`bû2b bm` /2 HQM;m2b /Bbi�M+2bX AH MǶ2bi /QM+ T�b ûiQMM�Mi /2

TQmpQB` Q#b2`p2` /2b pBi2bb2b /2 T`QT�;�iBQM �HH�Mi Dmb[mǶ¨ Rky FKf�M HQ`b /ǶmM2 BMi`Q/m+iBQM

U"`�M+? 2i ai2z�MB kyy9VX *2T2M/�Mi- +2 ivT2 /2 /BbT2`bBQM M2 T2mi T�b 2tTHB[m2` H2b Q#@

b2`p�iBQMb /2 /BbT2`bBQMb i`ĕb HQM;m2 /Bbi�M+2 2i BMi2`@+QMiBM2Mi�H2b U1M+�/`û jVX G2b 7�+i2m`b

�Mi?`QTQ;ûMB[m2b bQMi /QM+ `2bTQMb�#H2b /ǶmM MQK#`2 BKTQ`i�Mi /ǶBMi`Q/m+iBQMb pB� H2b 2�mt

/2 #�HH�bi U:2HH2` 2i �HX RNN9V Qm H2 #BQ@7QmHBM;X G2 #BQ@7QmHBM; T�` H2b Q`;�MBbK2b }tûb bm` /2b

p2+i2m`b �Mi?`QTQ;ûMB[m2b- `2T`ûb2Mi2 mM2 +�mb2 K�D2m`2 /ǶBMi`Q/m+iBQMbX G2b KQmH2b T2mp2Mi

k8



b2 }t2` bm` /2b +Q[m2b /2 #�i2�mt U�Ti2 2i �HX kyyy c *�bQHB 2i �HX kyReV- K�Bb T2mp2Mi �mbbB

āi`2 `2i`Qmpû2b bm` /2b /û#`Bb K�`BMb /û`Bp�Mib UCX �X JBHH2` 2i �HX kyRd c JB`�HH2b 2i �HX kyR3 c

qĠbƈ�rbFB 2i EQirB+FB kyR3VX

1M �//BiBQM ¨ +2b +�`�+iû`BbiB[m2b #BQHQ;B[m2b- HǶ�+iBQM pQHQMi�B`2 ?mK�BM2 � �mbbB 2M;2M/`û

/2b BMi`Q/m+iBQMbX § HǶBMbi�` /2 H� +mHim`2 /2b ?mŗi`2b- H� KviBHB+mHim`2 � 2M;2M/`û /2 MQK#`2mt

/ûTH�+2K2Mib /2b biQ+Fb �m +Qm`b /m /2`MB2` bBĕ+H2- b�Mb `û2H +QMi`ƬH2 /2 HǶQ`B;BM2 /m 7QM/

;ûMûiB[m2 Qm /2b 2bTĕ+2b �bbQ+Bû2bX S�` 2t2KTH2- HǶBMi`Q/m+iBQM /2 2M

*QHQK#B2@"`Bi�MMB[m2 U*�M�/�V 2bi HBû2 ¨ HǶBKTQ`i�iBQM /2 +2ii2 2bTĕ+2 ¨ /2b }Mb /2 KviBHB@

+mHim`2 Uh�#H2�m RVX G� KQmH2 #H2m2 2bi /QM+ T�`iB+mHBĕ`2K2Mi 2M+HBM2 �mt i`�MbHQ+�iBQMb pB�

H2b /2mt pQB2b K�D2m`2b /ǶBMi`Q/m+iBQM 2M KBHB2m K�`BM , H2 i`�MbTQ`i K�`BiBK2 2i HǶ�[m�+mHim`2

UJQHM�` 2i �HX kyy3VX

*2T2M/�Mi- mM2 BMi`Q/m+iBQM `ûmbbB2 M2 b2 HBKBi2 T�b ¨ HǶ�``Bpû2 /2 T`QT�;mH2b MQM BM/B;ĕM2b

/�Mb mM MQmp2H 2MpB`QMM2K2MiX AH 2bi Mû+2bb�B`2 [m2 H2b BM/BpB/mb BMi`Q/mBib ûi�#HBbb2Mi mM2

TQTmH�iBQM bm{b�Mi2 TQm` b2 T`QT�;2` 2i T2`/m`2` /�Mb H2 i2KTbX G2b T`2KBĕ`2b #�``Bĕ`2b ¨ H�

+QHQMBb�iBQM bQMi /2b 2z2ib �HH22 /ûKQ;`�T?B[m2b 2i ;ûMûiB[m2b- [mB T2mp2Mi āi`2 ûpBiûb bQBi

T�` mM2 T`2bbBQM /2 T`QT�;mH2 7Q`i2- bQBi pB� HǶ?v#`B/�iBQM �p2+ mM2 2bTĕ+2 M�iBp2 UJ2b;�`�M

2i �HX kyReVX G2b 2bTĕ+2b bTTX T`ûb2Mi2Mi /2b bQHmiBQMb ¨ +2b /2mt T`Q#HĕK2b- BX2X mM2

7û+QM/Biû ûH2pû2- mM2 +QHQMBb�iBQM 2M 7Q`i2 /2MbBiû 2i mM BbQH2K2Mi `2T`Q/m+iB7 T�`iB2H �m b2BM

/m +QKTH2t2 /Ƕ2bTĕ+2bX

G2 b2+QM/ ûHûK2Mi HBKBi�Mi HǶûi�#HBbb2K2Mi /ǶmM2 2bTĕ+2 2bi H� +QKTûiBiBQM BMi2`bTû+B}[m2-

TmBb[mǶBH 7�mi bQBi H� ;�;M2`- bQBi i`Qmp2` mM2 MB+?2 MQM Q++mTû2X .�Mb H2 +�b /2 bTTX-

BH �TT�`�ŗi [m2 2bi mM2 2bTĕ+2 T�`iB+mHBĕ`2K2Mi +QKTûiBi`B+2- +�T�#H2 /2

bmTTH�Mi2` /2b 2bTĕ+2b HQ+�H2b U:�`/M2` 2i �HX RNNj c "`�M+? 2i �HX kyy3 c "X GX GQ+FrQQ/ 2i

aQK2`Q kyRRVX .2 THmb- H2b KQmH2b T`ûb2Mi2Mi mM2 ;`�M/2 iQHû`�M+2 �mt T2`im`#�iBQMb 2MpB`QM@

M2K2Mi�H2b- ¨ H� 7QBb M�im`2HH2b 2i �Mi?`QTB[m2bX 1M 2z2i- 2HH2b bQMi T�`iB+mHBĕ`2K2Mi `Q#mbi2b

¨ H� TQHHmiBQM 2i bQMi H�`;2K2Mi miBHBbû2b +QKK2 KQ/ĕH2 /�Mb H2b ûim/2b /2 iQtB+QHQ;B2 K�`BM2

U_Q#2`ib RNde c "2v2` 2i �HX kyRd c JHQmF� 2i �HX kyRNVX S�` +QMbû[m2Mi- BH MǶ2bi T�b ûiQMM�Mi

/2 `2i`Qmp2` +2b 2bTĕ+2b /�Mb H2b TQ`ib- [mB bQMi ¨ H� 7QBb /2b TH�i27Q`K2b iQm`M�Mi2b /m i`�}+

K�`BiBK2- /2b MQmp2�mt 2MpB`QMM2K2Mib 7�pQ`Bb�Mi H� +QHQMBb�iBQM QTTQ`imMBbi2 U"Bb?QT 2i �HX

kyRdV- 2i /2b KBHB2mt �Mi?`QTBbûb 2i T2`im`#ûbX

2bi +H�bbû2 +QKK2 2bTĕ+2 BMp�bBp2 2i 2bi `2i`Qmpû2 /�Mb /2 MQK#`2mb2b

`û;BQMb i2KTû`û2b /2b /2mt ?ûKBbT?ĕ`2b U"QM?�K 2i �HX kyRNVX G2b /2mt HB;Mû2b /2

- �iH�MiB[m2 2i Kû/Bi2``�Mû2MM2- bQMi BMp�bBp2bX GǶ1M+�/`û j i2Mi2 /2 /`2bb2` mM2 HBbi2

2t?�mbiBp2 /2b `û;BQMb /ǶBMi`Q/m+iBQM +QMMm2b 2i /2 H� HB;Mû2 BMi`Q/mBi2X G2b +�b /2

2i v bQMi /Bb+miûbX

GǶ�7`B[m2 /m am/ 2i H� L�KB#B2 bQMi H2b b2mH2b `û;BQMb 2Mp�?B2b `ûT2`iQ`Bû2b B+B [mB ûi�B2Mi

ke
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T`û+û/2KK2Mi /ûTQm`pm2b /Ƕ2bTĕ+2b /m +QKTH2t2 Uh�#H2�m RVX .�Mb +2b +QM/B@

iBQMb b2mH HǶ�bT2+i û+QHQ;B[m2 2bi +QMbB/û`ûX *2T2M/�Mi- H� /Bbi`B#miBQM +QbKQTQHBi2 /2b KQmH2b

bTTX 2i H2m` BbQH2K2Mi `2T`Q/m+iB7 T�`iB2H 2Mi`�ŗM2 H� `2M+QMi`2 `û;mHBĕ`2 2Mi`2 HB;Mû2b

;ûMûiB[m2b /Bzû`2M+Bû2b 2i H� T`Q/m+iBQM /Ƕ?v#`B/2bX

.Bzû`2Mib +�b /2 };m`2b QMi /ûD¨ ûiû Q#b2`pûbX GǶBMi`Q/m+iBQM /2 bm`

H� +Ƭi2 Pm2bi /2b úi�ib@lMBb Uh�#H2�m RV- `û;BQM M�iBp2 /2 2i - �

K�DQ`Bi�B`2K2Mi 2m mM BKT�+i û+QHQ;B[m2 2i mM BKT�+i HBKBiû bm` H� +Q?ûbBQM ;ûMûiB[m2 /2b

2bTĕ+2b BKTHB[mû2bX 1M 2z2i- K�H;`û H2 `2KTH�+2K2Mi T`Q#�#H2 /2 /�Mb H2 am/ /2

bQM �B`2 /2 `ûT�`iBiBQM U"X GX GQ+FrQQ/ 2i aQK2`Q kyRRV- �m+mM2 BMi`Q;`2bbBQM K�D2m`2 2Mi`2

+2b /2mt 2bTĕ+2b MǶ� ûiû Q#b2`pû2 ¨ +2 DQm` Ua��`K�M 2i SQ;bQM kyR8 c aBKQM 2i �HX kyRN�VX

.Ƕ�mi`2b BMi`Q/m+iBQMb QMi +2T2M/�Mi K2Mû ¨ /2b ûpĕM2K2Mib /Ƕ�/KBtim`2 2Mi`2

2i HǶ2bTĕ+2 M�iBp2X S�` 2t2KTH2- HǶBMi`Q/m+iBQM /2b /2mt HB;Mû2b /2

2M �mbi`�HB2 � 2M;2M/`û mM2 �/KBtim`2 �p2+ H2b KQmH2b M�iBp2b

U+Q``2bTQM/�Mi ¨ H� HB;Mû2 /2 HǶ?ûKBbT?ĕ`2 bm/ /2 VX 1M �Kû`B[m2 /m am/-

mM2 TQTmH�iBQM û+?�MiBHHQMMû2 ¨ Sm2`iQ J�/`vM U�`;2MiBM2V 2bi 2HH2 �mbbB �/KBtû2 2Mi`2 H2b

BMi`Q/mBi2b 2i H2b KQmH2b M�iBp2b U+Q``2bTQM/�Mi ¨ H� HB;Mû2

/2 HǶ?ûKBbT?ĕ`2 bm/ /2 VX *2T2M/�Mi- +2b Q#b2`p�iBQMb /ǶBMi`Q/m+iBQM HQM;m2 /Bbi�M+2

b2K#H2Mi āi`2 H2b +�b H2b THmb pBbB#H2bX 1M 2z2i- H2b BMi`Q/m+iBQMb /�Mb /2b `û;BQMb Qɍ

T2mi āi`2 +QMbB/û`û2 M�iBp2- +QKK2 /�Mb HǶ2Mb2K#H2 /2 HǶ1m`QT2- bQMi `�`2K2Mi

ûim/Bû2b +�` H� /BbiBM+iBQM �iH�MiB[m2fJû/Bi2``�Mû2 MǶ2bi T�b iQmDQm`b `2+QMMm2 Qm 2t�KBMû2

UK�Bb pQB` J�i?B2b2M 2i �HX kyReVX G� /2b+`BTiBQM �+im2HH2 H� THmb /ûi�BHHû2 /ǶmM ûpĕM2K2Mi /2

+QMi�+i �Mi?`QTQ;ûMB[m2 BMi`�@2m`QTû2M 2bi +2 i`�p�BH /2 i?ĕb2- /û+`Bp�Mi HǶ�/KBtim`2 2Mi`2 H�

HB;Mû2 Kû/Bi2``�Mû2MM2 /2 2i U+?�TBi`2b k 2i jVX

G2b BMi`Q/m+iBQMb /2 - BMp�bBp2b Qm MQM- 2Mi`�ŗM2Mi /QM+ /2b +QMi�+ib

b2+QM/�B`2b `û+2Mib TQmp�Mi āi`2 miBHBbûb +QKK2 /2b 2tTû`B2M+2b ;`�M/2m` M�im`2 /�Mb mM

+QMi2ti2 /ûKQ;`�T?B[m2 2i bT�iB�H T�`iB+mHB2`X .2 THmb- H2b KmHiBTH2b BMi`Q/m+iBQMb bQmp2Mi

Q#b2`pû2b `2M/2Mi +2 +QMi2ti2 p�`B�#H2- ¨ H� 7QBb pBb@¨@pBb /2b +QM/BiBQMb +B@/2bbmb K�Bb �mbbB

/m 7QM/ ;ûMûiB[m2 HQ+�H 2M BMi2`�+iBQMX

*2 T`QD2i /2 i?ĕb2 `2TQb2 bm` H� T`2KBĕ`2 Q#b2`p�iBQM /m 7QM/ ;ûMûiB[m2

/2 Jû/Bi2``�Mû2 /�Mb H2 TQ`i /2 TH�Bb�M+2 /2 *?2`#Qm`; ULQ`K�M/B2- 6`�M+2V 2M kyyj-

/�Mb mM2 `û;BQM ?�#Biû2 T�` U+?�TBi`2 RVX .2 THmb- H2b [m2H[m2b BM/BpB/mb ;ûMQiv@

Tûb TQbbû/�B2Mi mM T�i`QM /Ƕ�b+2M/�M+2 ;ûMûiB[m2 Q`B;BM�H- KQMi`�Mi mM2 �/KBtim`2 2Mi`2 H2b

K2/X 2i HQ+�H2bX 1M}M H� T`QTQ`iBQM /Ƕ�b+2M/�M+2 ûi�Bi

#B2M THmb BKTQ`i�Mi2 [m2 +2HH2 Q#b2`pû2 /�Mb H2b xQM2b ?v#`B/2b M�im`2HH2b U�ii2B;M�Mi j8WV-

+QKK2 bB H2b #�``Bĕ`2b `2T`Q/m+iBp2b �p�B2Mi b�miû2b /�Mb +2ii2 TQTmH�iBQMX .2mt �TT`Q+?2b

+QKTHûK2Mi�B`2b QMi �HQ`b MQm``B +2 T`QD2i /2 `2+?2`+?2 , UBV HǶmiBHBb�iBQM /2 MQb +QMM�Bbb�M+2b
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AMi`Q/m+iBQMb +QMMm2b /2 X G2b `û7û`2M+2b bmBp�Mi2b M2 bQMi
T�b `2T`ûb2Mi�iB7b /2 H� T`2KBĕ`2 Q#b2`p�iBQM K�Bb THmiƬi /2 HǶB/2MiB}+�iBQM ;`�+2 �mt /QMMû2b
;ûMûiB[m2bX

P`B;BM2 _û;BQMb /ǶBMi`Q/m+iBQM _û7û`2M+2b

�iH�MiB[m2 �7`B[m2 /m am/ :`�Mi 2i *?2``v URN38V
2i L�KB#B2 .�;mBM 2i "Q`b� UkyyyV

"`�M+? 2i ai2z�MB Ukyy9V

�mbi`�HB2 :û`�`/ 2i �HX Ukyy3V
q2bi7�HH 2i :�`/M2` UkyRyV
SQTQpB+ 2i �HX UkyRNV

LQ`pĕ;2 2i ap�H#�`/ J�i?B2b2M 2i �HX UkyReV
aBKQM 2i �HX UkyRN#V

Jû/Bi2``�Mû2 S�+B}[m2 LQ`/@1bi , J+.QM�H/ 2i EQ2?M URN33V
P`2;QM- *�HB7Q`MB2- J2tB[m2 :2HH2` 2i �HX URNN9V

.�;mBM 2i "Q`b� UkyyyV
a��`K�M 2i SQ;bQM UkyR8V

S�+B}[m2 LQ`/@Pm2bi , qBHFBMb 2i �HX URN3jV
_mbbB2- C�TQM- G22 2i JQ`iQM URN38V
*Q`û2- *?BM2 J+.QM�H/ 2i �HX URNNyV

.�;mBM 2i "Q`b� UkyyyV
aFm`BF?BM� 2i �HX UkyyRV
E�`i�pib2p 2i �HX Ukyy8V
SX JX "`�MMQ+F 2i �HX UkyyNV
SX "`�MMQ+F 2i hX >BH#Bb? UkyRyV
aBKQM 2i �HX UkyRN�V

�mbi`�HB2 :û`�`/ 2i �HX Ukyy3V
q2bi7�HH 2i :�`/M2` UkyRyV
SQTQpB+ 2i �HX UkyRNV

*?BHB .�;mBM 2i "Q`b� UkyyyV
q2bi7�HH 2i :�`/M2` UkyRyV
Pv�`xȹM 2i �HX UkyReV
G�``�őM 2i �HX UkyR3V

6`�M+2 , J�M+?2 2i aBKQM 2i �HX UkyRN#V
+Ƭi2 �iH�MiB[m2

AM/ûi2`KBMû2 LQmp2HH2@wûH�M/2 q2bi7�HH 2i :�`/M2` UkyRyV
q2bi7�HH 2i :�`/M2` UkyRjV
:�`/M2` 2i �HX UkyReV

S�+B}[m2 LQ`/@1bi , >2�i? 2i �HX URNN8V
Sm;2i aQmM/ 2i �X aX �M/2`bQM 2i �HX UkyykV
*QHQK#B2 "`Bi�MMB[m2 *`2;Q@S`B2iQ 2i �HX UkyR8V
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AMi`Q/m+iBQM

*2ii2 2bTĕ+2 � ûiû H�`;2K2Mi BMi`Q/mBi2 TQm` āi`2 +mHiBpû2 /�Mb
/2b `û;BQMb /QMi 2HH2 MǶ2bi T�b M�iBp2 U2X;X 2M �bB2 Qm 2M *QHQK#B2@"`Bi�MMB[m2V- K�Bb
2HH2 � �mbbB ûiû BMi`Q/mBi2 T�` BM�/p2`i�M+2 pB� H2b 2�mt /2 #�HH�bi Qm H2 #BQ7QmHBM; /2b
M�pB`2bX
G2 h�#H2�m R T`ûb2Mi2 H2b xQM2b /ǶBMi`Q/m+iBQM +QMMm2b 2i HǶQ`B;BM2 TQi2MiB2HH2 /2

¨ HǶû+?2HH2 KQM/B�H2- bQmp2Mi pû`B}û2 T�` /2b /QMMû2b ;ûMûiB[m2bX
"B2M [mǶ�m+mM2 /QMMû2 ;ûMûiB[m2 M2 T2`K2ii2 /2 +QMM�ŗi`2 HǶQ`B;BM2 /2

�m J2tB[m2 U"�?ő� /2 hQ/Qb a�MiQbV- BH �TT�`�ŗi i`ĕb T`Q#�#H2 [m2 +2 bQBi
H� +QMiBMmBiû /2 H� TQTmH�iBQM Kû/Bi2``�Mû2MM2 T`ûb2Mi2 2M *�HB7Q`MB2 UJ+.QM�H/ 2i
EQ2?M RN33 c _�Kő`2x 2i *�+2`2b@J�`iőM2x RNNNVX .2 THmb- H� +mHim`2 �v�Mi ûiû BMB@
iBû2 2i +QMiBMm�Mi �p2+ /m M�Bbb�BM HQ+�H- BH 2bi T2m T`Q#�#H2 [mǶmM2 �mi`2 bQm`+2 /2

�Bi ûiû miBHBbû2 U*�+2`2b@J�`iőM2x RNNdVX
*QM+2`M�Mi HǶBMi`Q/m+iBQM 2M *QHQK#B2@"`Bi�MMB[m2 2i H2 Sm;2i aQmM/- BH 2bi /B{+BH2 /2
i`�M+?2` bm` mM2 Q`B;BM2 +�` BH 2tBbi2 mM2 /Bb+QMiBMmBiû /2 /QMMû2b 2Mi`2 H2 TQBMi H2 THmb
T`Q+?2 �m am/ Qɍ /2b Kû/Bi2``�Mû2MM2b QMi ûiû Q#b2`pû2b 2i +2ii2
`û;BQM Ua��`K�M 2i SQ;bQM kyR8VX AH 2bi iQmi ¨ 7�Bi TQbbB#H2 [mǶmM2 �mi`2 bQm`+2 �Bi ûiû
miBHBbû2 TQm` HǶ2Mb2K2M+2K2Mi /2b +mHim`2b /�Mb +2ii2 `û;BQMX
.2 KāK2- 2M LQmp2HH2@wûH�M/2 H2b /QMMû2b �+im2HH2b M2 T2`K2ii2Mi T�b /2 +QMM�ŗi`2
HǶQ`B;BM2 �iH�MiB[m2 Qm Kû/Bi2``�Mû2MM2 /2 HǶBMi`Q/m+iBQMX a�+?�Mi [m2 H2b /2mt 7QM/b
;ûMûiB[m2b bQMi T`ûb2Mib 2M �mbi`�HB2- H2b /2mt ?vTQi?ĕb2b M2 T2mp2Mi T�b āi`2 û+�`iû2b
2i H2b /2mt 7QM/b T2mp2Mi �mbbB v āi`2 T`ûb2MibX
G2b BMi`Q/m+iBQMb Q#b2`pû2b 2M LQ`pĕ;2 2i �m ap�H#�`/ T�` J�i?B2b2M 2i �HX UkyReV
bm` H� #�b2 /2 [m2H[m2b �HHĕH2b QMi Tm āi`2 pû`B}û2b /�Mb +2ii2 i?ĕb2
UaBKQM 2i �HX kyRN#VX *2T2M/�Mi- MQmb +QM+HmQMb [m2 H2b BM/BpB/mb Q#b2`pûb T`QpB2MM2Mi
/2 TQTmH�iBQMb �/KBtû2b 2Mi`2 �iHX 2i H� HB;Mû2 MQ`/@2m`QTû2MM2 /2

X
AH 2tBbi2 mM 7�B#H2 MQK#`2 /2 `�TTQ`ib /ǶBMi`Q/m+iBQM /2 X *2ii2

2bTĕ+2 � Tm �mbbB āi`2 BMi`Q/mBi2 2M *QHQK#B2@"`Bi�MMB[m2 TQm` /2b 2bb�Bb /2 +mHim`2
U>2�i? 2i �HX RNN8 c *`2;Q@S`B2iQ 2i �HX kyR8VX *2T2M/�Mi HǶ?vTQi?ĕb2 [m2 H2b �HHĕH2b

Q#b2`pûb /�Mb +2ii2 `û;BQM T`QpB2MM2Mi /2 �iHX BMi`Q/mBi2b
MǶ2bi T�b ¨ 2t+Hm`2X aB � ûiû BMi`Q/mBi2 bm` H� +Ƭi2 Pm2bi /m *�M�/�- BH 2bi
T`Q#�#H2 [mǶ2HH2b bQB2Mi Q`B;BM�B`2b /2 H� +Ƭi2 �iH�MiB[m2 UBX2X /2b �Kû`B+�BM2bVX
*2ii2 2bTĕ+2 � �mbbB ûiû `�TTQ`iû2 /2 K�MBĕ`2 i2KTQ`�B`2 2M Jû/Bi2``�Mû2 T�` *�bQHB
2i �HX UkyReV- K�Bb b�Mb +QHQMBb�iBQM /m`�#H2X

GQ+? 1iBp2 Uú+Qbb2V 2bi H� b2mH2 xQM2 /ǶBMi`Q/m+iBQM TQi2MiB2HH2 /2
`�TTQ`iû2 ¨ +2 DQm` U"2�mKQMi 2i �HX kyy3VX AH � ûiû T`QTQbû T�` w#�rB+F�

2i �HX UkyRyV- bm` H� #�b2 /2 H� /Bp2`;2M+2 /2 H2m` ;ûMQK2 KBiQ+?QM/`B�H- [m2 +2ii2
TQTmH�iBQM ûi�Bi mM2 `2HB[m2 TQbi@;H�+B�B`2X *2T2M/�Mi HǶ2Mb2K#H2 /2b TQTmH�iBQMb /2

MǶûi�Mi T�b �M�Hvbû2b /�Mb +2 i`�p�BH- BH 2bi /B{+BH2 /ǶûHBKBM2` HǶ?vTQi?ĕb2
/ǶBMi`Q/m+iBQMX

/m +QKTH2t2 /Ƕ2bTĕ+2b �}M /2 /û+`B`2 2i +QKT`2M/`2 mM ûpĕM2K2Mi /ǶBMi`Q/m+iBQM /2

BKTHB[m�Mi /2 HǶ?v#`B/�iBQM 2i UBBV HǶmiBHBb�iBQM /ǶûpĕM2K2Mib /Ƕ?v#`B/�iBQM

�Mi?`QTQ;ûMB[m2 +QKK2 2tTû`B2M+2 ûpQHmiBp2X
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.Ƕ�mi`2 T�`i- +QKK2 HǶ�m`�Bi ûiû mM2 T�`7�Bi2 �MiB+BT�iBQM- "B2`M2 2i �HX Ukyyk�V �p�B2Mi

T`Q/mBi /2b +`QBb2K2Mib 2M H�#Q`�iQB`2 2Mi`2 /m MQ`/ /2 H� 6`�M+2 2i /2b

Kû/Bi2``�Mû2MM2bX *2b +`QBb2K2Mib +QKT`2M�B2Mi /2b 6R- /2b 6k 2i /2b "* p2`b

X "B2`M2 2i �HX UkyyeV KQMi`2Mi bm` +2b KāK2b +`QBb2K2Mib [mǶBH 2tBbi2 /2b

BM+QKT�iB#BHBiûb /BbT2`bû2b bm` H2 ;ûMQK2- b2 +QM7Q`K�Mi ¨ mM KQ/ĕH2 /2 ".JA �p2+ /QKB@

M�M+2 /2b �HHĕH2b �M+2bi`�mt bm` H2b �HHĕH2b /û`Bpûb Uhm`2HHB 2i P`` RNN8V- [mB /QBp2Mi 7Q`i2K2Mi

+QMi`B#m2` �m K�BMiB2M /2 #�``Bĕ`2b 7Q`i2b 2Mi`2 +2b /2mt 2bTĕ+2bX *2T2M/�Mi- mM2 �M�Hvb2 T`ûHB@

KBM�B`2 /2 +2b +`QBb2K2Mib �p2+ mM THmb ;`�M/ MQK#`2 /2 K�`[m2m`b �p�Bi `ûpûHû /2b /BbiQ`bBQMb

bm` HǶ2Mb2K#H2 /m ;ûMQK2 p2`b mM2 �m;K2Mi�iBQM /2 HǶ?ûiû`Qxv;QiB2 2M 6k /B{+BH2K2Mi +QM+B@

HB�#H2 �p2+ HǶ�+iBQM /2 [m2H[m2b ".JAX *QK#BMû2 ¨ H� `û�HBb�iBQM iQmDQm`b THmb T`ûb2Mi2 [m2

HǶQM bQmb@2biBK2 bȿ`2K2Mi HǶBKT�+i /2b BMi2`�+iBQMb ûTBbi�iB[m2b TQHv;ûMB[m2b /�Mb HǶBbQH2K2Mi

`2T`Q/m+iB7 U+7X BXRXkV- MQmb i`QmpBQMb BKTQ`i�Mi /Ƕ2tTHQ`2` /Ƕ�mi`2b KQ/ĕH2b /ǶBM+QKT�iB#BHBiû

2Mi`2 2bTĕ+2b T�`iB2HH2K2Mi BbQHû2b `2T`Q/m+iBp2K2MiX

S�`i�Mi /2 +2b +QMbi�ib- H� i?ĕb2 bǶ2bi +QMbi`mBi2 bm` i`QBb ;`�M/b �t2b /2 `2+?2`+?2 ,

RX G2 T`2KB2` ûi�Bi H� /2b+`BTiBQM /2 +2ii2 BMi`Q/m+iBQM bB T�`iB+mHBĕ`2 Q#b2`pû2 ¨ *?2`#Qm`;

2i HǶ�m;K2Mi�iBQM /2 HǶ2zQ`i /Ƕû+?�MiBHHQMM�;2 /�Mb iQmi2 H� `û;BQM- ¨ H� 7QBb /�Mb H2b TQ`ib

2i /�Mb H2b TQTmH�iBQMb M�im`2HH2b- �}M /2 /ûi2`KBM2` HǶûi2M/m2 /m T?ûMQKĕM2X SQm` +2H�-

BH � 7�HHm /ûp2HQTT2` mM D2m /2 K�`[m2m`b BM7Q`K�iB7b bm` HǶ�b+2M/�M+2 ;ûMûiB[m2- T2`K2i@

i�Mi mM ;ûMQivT�;2 }�#H2 2i ¨ i`ĕb ;`�M/2 û+?2HH2X GǶQ#D2+iB7 ûi�Bi /Ƕ�#Q`/ /Ƕ�m;K2Mi2`

MQb +QMM�Bbb�M+2b ;HQ#�H2b bm` H2b `2H�iBQMb �m b2BM /m +QKTH2t2 /Ƕ2bTĕ+2b - TQm`

2MbmBi2 miBHBb2` +2HH2b@+B /�Mb mM #mi /2 /2b+`BTiBQM /2 HǶBMi`Q/m+iBQM 2i /2 bmBpB /ǶmM2 TQb@

bB#H2 BMp�bBQMX LQmb bQm?�BiBQMb /û+`B`2 H� /Bbi`B#miBQM bT�iB�H2 /2 +2b KQmH2b BMi`Q/mBi2b

2i H2m`b BMi2`�+iBQMb �p2+ H2b 2bTĕ+2b M�iBp2b- 2M miBHBb�Mi H� ;ûMûiB[m2 /2b TQTmH�iBQMb

+QKK2 QmiBHX

kX G2 b2+QM/ �t2 /2 `2+?2`+?2 ûi�Bi HǶmiBHBb�iBQM /2 +2 +QMi�+i b2+QM/�B`2 `û+2Mi +QKK2 mM2

2tTû`B2M+2 ûpQHmiBp2 b�Mb T`û+û/2Mi /�Mb H2 +QKTH2t2 X .2 THmb- MQmb TQmpBQMb

+QKTi2` bm` /Ƕ�mi`2b ûpĕM2K2Mib /Ƕ�/KBtim`2- ¨ H� 7QBb /Ƕ�mi`2b BMi`Q/m+iBQMb- K�Bb �mbbB

/2b +QMi�+ib THmb �M+B2Mb 2i /2b +`QBb2K2Mib /2 H�#Q`�iQB`2- TQm` 2tTHQ`2` /Bzû`2Mi2b 7�@

+2ii2b /m T`Q+2bbmb /Ƕ�/KBtim`2X GǶQ#D2+iB7 ûi�Bi /�Mb mM T`2KB2` i2KTb /2 T`Q}i2` /2b

MQK#`2mt ûpĕM2K2Mib /Ƕ�/KBtim`2 BM/ûT2M/�Mib- 2Mi`2 7QM/b ;ûMûiB[m2b /Bzû`2Mib- �}M

/Ƕ2tTHQ`2` H2b T�`�HHûHBbK2b 2Mi`2 +QMi�+ibX .�Mb mM /2mtBĕK2 i2KTb- HǶQ#D2+iB7 ûi�Bi /ǶQ#@

b2`p2` +QKK2Mi H� bûH2+iBQM +QMi`2 H2b BM+QKT�iB#BHBiûb b2 `ûbQHp�Bi ¨ HǶû+?2HH2 ;ûMQKB[m2

/�Mb +2b /Bzû`2Mib +QMi2ti2bX LQmb bQm?�BiBQMb 2tTHQ`2` mM +QMiBMmmK /2 b+ûM�`BQb 2Mi`2

UBV H� T`ûb2M+2 /2 /BbiQ`bBQMb K�D2m`2b p2`b HǶmM Qm HǶ�mi`2 /2b T�`2Mib bm` H� K�DQ`Biû /m

;ûMQK2- K�`[m2 /Ƕ2z2ib bûH2+iB7b 7Q`ib bm` H2b +QK#BM�BbQMb T`Q/mBi2b T�` HǶ?v#`B/�iBQM- 2i

UBBV mM2 �/KBtim`2 ?QKQ;ĕM2 ¨ HǶû+?2HH2 /m ;ûMQK2- /�Mb H2[m2H /2b �HHĕH2b T�`2Mi�mt bQMi

`2KûH�M;ûb 2i T`Q/mBb2Mi mM2 ;`�M/2 /Bp2`bBiû /2 +QK#BM�BbQMb pB�#H2b 2i 72`iBH2bX 1M}M-

2M HB2M �p2+ H2 T`2KB2` �t2- MQmb bQm?�BiBQMb MQmb BMiû`2bb2` �mt Kû+�MBbK2b 2M TH�+2

/�Mb H2b xQM2b /2 +QMi�+ib 2Mi`2 H2b /Bzû`2Mib 7QM/b ;ûMûiB[m2b /m +QKTH2t2 /Ƕ2bTĕ+2b

jy



AMi`Q/m+iBQM

X

jX G2 /2`MB2` �t2 /2 `2+?2`+?2 � TQ`iû bm` HǶ�bT2+i i?ûQ`B[m2 /2 HǶBbQH2K2Mi `2T`Q/m+iB7- MQ@

i�KK2Mi H� bûH2+iBQM +QMi`2 H2b ?v#`B/2bX GǶQ#D2+iB7 ûi�Bi /Ƕ2tTHQ`2` mM2 pBbBQM TQHv;ûMB[m2

/2 HǶBbQH2K2Mi `2T`Q/m+iB7 2i /2 TQmpQB` KQ/ûHBb2` /2b BMi2`�+iBQMb ûTBbi�iB[m2b ¨ mM Q`/`2

/2 ;`�M/2m` bmTû`B2m` ¨ /2mt Qm i`QBb HQ+mbX SQm` v T�`p2MB` b�Mb `2+Qm`B` ¨ mM2 2tTHQ@

bBQM /2b T�`�Kĕi`2b- [mB �m`�Bi 2m HB2m �p2+ mM KQ/ĕH2 ".JA- MQmb bQm?�BiBQMb miBHBb2`

H2 KQ/ĕH2 ;ûQKûi`B[m2 /2 6Bb?2` TQm` T`QTQb2` /2b T`û/B+iBQMb bm` H� bûH2+iBQM ¨ HǶQ2mp`2

/�Mb H2b T`2KBĕ`2b ;ûMû`�iBQMb /Ƕ?v#`B/�iBQM Ĝ 2i 2M T`2KB2` HB2m /�Mb H2b 6R- 6k 2i "*

�}M /Ƕ�pQB` �++ĕb ¨ /2b /QMMû2b /2 +`QBb2K2Mib TQm` p�HB/�iBQMX

G2 +?�TBi`2 R � /Ƕ�#Q`/ T2`KBb /2 /ûp2HQTT2` H2b K�`[m2m`b Mû+2bb�B`2b ¨ H� `û�HBb�iBQM /ǶmM

;ûMQivT�;2 bm` /2 MQK#`2mt BM/BpB/mb 2i ¨ 7�B#H2b +Qȿib 2M `2+?2`+?�Mi mM D2m /2 K�`[m2m`b

BM7Q`K�iB7b bm` HǶ�b+2M/�M+2 2Mi`2 2bTĕ+2b /m +QKTH2t2 �BMbB [mǶ2Mi`2 HB;Mû2b /2 H�

KāK2 2bTĕ+2 U �iHX pb K2/X- 2mX pb

�KX- 2mX pb �KXVX *2b K�`[m2m`b QMi T2`KBb /Ƕ�M�Hvb2` H2b T�i`QMb

/ǶBMi`Q;`2bbBQM HQ+�mt M�im`2Hb �m b2BM /m +QKTH2t2 2i HǶB/2MiB}+�iBQM /2 MQmp2HH2b HB;Mû2bX

G2 +?�TBi`2 k T`ûb2Mi2 2MbmBi2 H2b `ûbmHi�ib /m ;ûMQivT�;2 ?�mi@/û#Bi ¨ H�`;2 2i }M2 û+?2HH2

bT�iB�H2 T2`K2ii�Mi /�Mb mM T`2KB2` i2KTb /2 +�`�+iû`Bb2` H� M�im`2 /m 7QM/ ;ûMûiB[m2 BMi`Q@

/mBi- TmBb /�Mb mM b2+QM/ i2KTb /2 /û+`B`2 H� `ûT�`iBiBQM ;ûQ;`�T?B[m2 /2 +2HmB@+BX AH /ûp2HQTT2

2MbmBi2 H2b T`2KBĕ`2b Q#b2`p�iBQMb /2b T�i`QMb /2 /BbiQ`bBQM UBX2X /2b û+�`ib T�` `�TTQ`i ¨ H�

KQv2MM2 ;ûMQKB[m2V ¨ HǶû+?2HH2 /2b dd K�`[m2m`b BM7Q`K�iB7b �M�HvbûbX

§ H� bmBi2 /2 +2b T`2KBĕ`2b +QM+HmbBQMb- H2 +?�TBi`2 j b2 +QM+2Mi`2 bm` HǶû+?2HH2 ;ûMQKB[m2

2M �M�Hvb�Mi R8e ;ûMQK2b /2 7�B#H2 +Qmp2`im`2 +QMi2M�Mi mM û+?�MiBHHQMM�;2 `2T`ûb2Mi�iB7 /2

TQTmH�iBQMb /2 `û7û`2M+2 2i /2 THmbB2m`b TQTmH�iBQMb �/KBtû2b 2Mi`2 7QM/b ;ûMûiB[m2b /Bzû`2Mib

2i /�Mb /2b T`QTQ`iBQMb p�`B�#H2bX

.�Mb mM Q#D2+iB7 /2 +QKT`û?2MbBQM i?ûQ`B[m2 /2b T?ûMQKĕM2b Q#b2`pûb /�Mb H2b +?�TBi`2b

T`û+û/2Mib- H2 +?�TBi`2 9 � TQm` �K#BiBQM /2 T`QTQb2` mM KQ/ĕH2 ;ûMû`�HBbi2 T`û/Bb�Mi H� p�H2m`

bûH2+iBp2 /2b ?v#`B/2b 2M 7QM+iBQM /2 H2m` +QKTQbBiBQM ;ûMQKB[m2 ;HQ#�H2- 2M miBHBb�Mi H2 KQ/ĕH2

;ûQKûi`B[m2 /2 6Bb?2` +QKK2 T`Q+2bbmb ;ûMû`�iB7 /2b +Q@�/�Ti�iBQMb ;ûMQKB[m2b HQ`b /2 H�

/Bp2`;2M+2X
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�p�Mi H2 /û#mi /2 +2ii2 i?ĕb2- BH v �p�Bi mM û+�`i BKTQ`i�Mi- /�Mb H2 MQK#`2 /2 K�`[m2m`b 2i

H� i�BHH2 /2b û+?�MiBHHQMb miBHBbûb- 2Mi`2 H2b ûim/2b /m +QKTH2t2 /Ƕ2bTĕ+2b X .ǶmM +Ƭiû-

QM `2i`Qmp�Bi mM MQK#`2 BKTQ`i�Mi /Ƕûim/2b /2 ;ûMûiB[m2 /2b TQTmH�iBQMb #�bû2b bm` mM MQK#`2

`2bi`2BMi /2 K�`[m2m`b ?BbiQ`B[m2b- bmTTQbûb /B�;MQbiB[m2b 2Mi`2 2bTĕ+2b U2X;X :Hm@8Ƕ- 16#Bb-

J�+RV Qm bm` /2b bû[m2M+2b KBiQ+?QM/`B�H2bX *2b ûim/2b �p�B2Mi K�H?2m`2mb2K2Mi THmbB2m`b

HBKBi2b , UBV 2HH2b bQmb@2biBK�B2Mi #2�m+QmT HǶ2z2i /2 HǶBMi`Q;`2bbBQM HQ+�H2 2i /2 H� T`ûb2M+2
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K�MBĕ`2 }�#H2 2i ¨ H�`;2 û+?2HH2 bT�iB�H2 H2b T`Q+2bbmb ¨ HǶƾmp`2 �m b2BM /m +QKTH2t2 /Ƕ2bTĕ+2b
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.�Mb H� HBiiû`�im`2- HǶûim/2 /2b xQM2b /Ƕ?v#`B/�iBQM `2pB2Mi bQmp2Mi ¨ HǶû+?�MiBHHQMM�;2

/�Mb H� xQM2 /2 +QMi�+i /2 [m2H[m2b TQTmH�iBQMb �/KBtû2b- /2 [m2H[m2b TQTmH�iBQMb #Q`/�Mi

H� xQM2 /2 +QMi�+i 2i /ǶmM2 TQTmH�iBQM mM T2m THmb /Bbi�Mi2 /2 +?�[m2 +Ƭiû U2X;X hX >BH#Bb?

2i �HX kyyj c :QbHBM; 2i �HX kyy3 c aim+F�b 2i �HX kyyN c J+E2MxB2 2i �HX kyRe c ai`2HFQp 2i �HX

kyRdV- K�Bb `�`2K2Mi ¨ HǶû+?�MiBHHQMM�;2 /2 TQTmH�iBQMb MǶ�v�Mi T�b 2m /ǶBM~m2M+2 `û+2Mi2

/2 ~mt /2 ;ĕM2b- /2 KmHiBTH2 i`�Mb2+ib Qm /2 xQM2b /2 +QMi�+i û[mBp�H2Mi2bX "B2M 2Mi2M/m-
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TQm` +QKT`2M/`2 H2b T�i`QMb HQ+�mtX
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i2K2Mi /2 +2b K�`[m2m`b 2ti`āK2bX GǶ?vTQi?ĕb2 ûi�Bi [m2 /2b p�`B�Mib #B@bi�#H2b �bvKûi`B[m2b-

Qm /2b BMi`Q;`2bbBQMb �/�Ti�iBp2b- KQMi`2`�B2Mi /2b /ûpB�iBQMb /2b +HBM2b ;ûMQKB[m2b �m b2BM

/2b xQM2b /Ƕ?v#`B/�iBQMX

LQmb ûim/BQMb B+B HǶ2Mb2K#H2 /2b 2bTĕ+2b /m +QKTH2t2 T`ûb2Mi2b 2M ?ûKBbT?ĕ`2

MQ`/ 2M miBHBb�Mi /2b TQTmH�iBQMb /2 `û7û`2M+2 +Q``2bTQM/�Mi ¨ +2HH2b /2 6`�śbb2 2i �HX UkyRe�V

2i /2b TQTmH�iBQMb bQBi [m2 HǶQM b�Bi BMi`Q;`2bbû2b U2X;X H� K2` "�HiB[m2V- bQBi [mB b2 bBim2Mi

/�Mb mM2 xQM2 /2 +QMi�+i b2+QM/�B`2X

LQmb +QM}`KQMb /�Mb +2ii2 ûim/2 H2b `ûbmHi�ib [m2 HǶBMi`Q;`2bbBQM 2bi `ûT�M/m2 /�Mb H2

+QKTH2t2 /Ƕ2bTĕ+2b U6`�śbb2 2i �HX kyRe�VX .2 THmb- �m;K2Mi2` H� i�BHH2 /2b û+?�M@

iBHHQMb T�` `�TTQ`i ¨ HǶûim/2 T`û+û/2Mi2- T2`K2i /2 KQMi`2` [m2 H2b K�`[m2m`b +?QBbBb TQm` āi`2

}tûb Qm 7Q`i2K2Mi BM7Q`K�iB7b- T`ûb2Mi2Mi iQmDQm`b /2b p�`B�Mib bû;`û;2�Mi ¨ 7�B#H2 7`û[m2M+2 ¨

HǶû+?2HH2 /2 HǶ2bTĕ+2X .2 THmb- +2 +?�TBi`2 T2`K2i /Ƕûi�#HB` mM TQBMi /2 `û7û`2M+2 /2 H� bi`m+im`2

;ûMûiB[m2 �m b2BM /m +QKTH2t2 X

GǶQ#b2`p�iBQM /2 HǶ2Mb2K#H2 /2b TQTmH�iBQMb T2`K2i /2 K2ii`2 2M ûpB/2M+2 /2b Ŀ +QKĕi2b

/ǶBMi`Q;`2bbBQM ŀ T`ûb2Mi2b /�Mb /2 MQK#`2mb2b TQTmH�iBQMbX *2b +QKĕi2b bQMi /û}MB2b +QKK2

/2b BMi`Q;`2bbBQMb HQ+�H2bX G2b /Bzû`2Mib T�i`QMb TQBMi2Mi p2`b /Bzû`2Mib i2KTb /ǶBMi`Q;`2bbBQM-

�v�Mi 2m HB2m HQ`b /ǶmM +QMi�+i T`û+û/2Mi Qm `�TB/2K2Mi �T`ĕb +QMi�+iX LQmb +QM+HmQMb [m2 /�Mb

H2b xQM2b /2 i2MbBQM- HǶQ#b2`p�iBQM ¨ HǶû+?2HH2 HQ+�H2 KQMi`2 /2b +HBM2b ;ûMQKB[m2b ;HQ#�H2K2Mi

+QM+Q`/�Mi2bX úi�Mi /QMMû H� bi`m+im`2 KQb�ś[m2 /2b xQM2b /2 +QMi�+i /�Mb H2 +QKTH2t2
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P1ext

admix

P2int

P2ext

40−Faro

41−Dahkla

42−Nador

43−Arzew

44−Moustaganem

45−SidiLakhdar

46−ElMarsa

47−Ghouraya
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49−SidiFredj

50−Bejaia
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P1ext

admix

P2ext

26−Wadden−sea

27−Calais

28−Barfleur

18−NovyMost

19−Retinskoye

10−LgIs−SHM

11−LgIs−QNT

12−LgIs−BYY

13−LgIs−OST

14−LgIs−BFM

15−LgIs−MYC

16−LgIs−SPM
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de



.�Mb H2 +?�TBi`2 T`û+û/2Mi- b2Ti KQmH2b û+?�MiBHHQMMû2b /�Mb H2 TQ`i /2 TH�Bb�M+2 /2

*?2`#Qm`; ULQ`K�M/B2- 6`�M+2V QMi ûiû B/2MiB}û2b +QKK2 /2b �/KBtû2b-

+QKTQ`i�Mi mM2 K�DQ`Biû /Ƕ�b+2M/�M+2 Kû/Bi2``�Mû2MM2X S�` H� bmBi2- 2HH2b b2`QMi MQKKû2b

Ŀ KQmH2b /2b /Q+Fb ŀ U VX G2 D2m /2 K�`[m2m`b BM7Q`K�iB7b /ûp2HQTTû �m +?�TBi`2

T`û+û/2Mi 2i H2b +QMM�Bbb�M+2b �+[mBb2b bm` H2 +QKTH2t2 TQmp�B2Mi /QM+ āi`2 miBHBbûb

TQm` �m;K2Mi2` MQi`2 2zQ`i /Ƕû+?�MiBHHQMM�;2 /2b +Ƭi2b 7`�MÏ�Bb2b /2 H� J�M+?2 2i /2 HǶ�i@

H�MiB[m2- /�Mb H2b TQ`ib 2i H2b TQTmH�iBQMb M�im`2HH2b �miQm` /2 +2mt@+BX LQmb bQm?�BiBQMb /QM+

+QK#H2` mM K�M[m2 /Ƕû+?�MiBHHQMM�;2 /�Mb /2b 2MpB`QMM2K2Mib T2m 2tTHQ`ûb ?�#Bim2HH2K2Mi

/�Mb H2b ûim/2b /2 ;ûMûiB[m2 /2b TQTmH�iBQMb /2b KQmH2b- /QMi H2b TQ`ib 2i 2bim�B`2bX G2 ;ûMQ@

ivT�;2 /2 HǶ2Mb2K#H2 /2b û+?�MiBHHQMb bǶ2bi /Bbi`B#mû bm` [m�i`2 2tTû`B2M+2b /Bzû`2Mi2b [mB QMi

T2`KBb /ǶB/2MiB}2` H2b TQ`ib /ǶBMiû`āi 2i /Ƕ�m;K2Mi2` T`Q;`2bbBp2K2Mi HǶ2zQ`i /Ƕû+?�MiBHHQMM�;2

2M 7QM+iBQM /2b `ûbmHi�ib T`ûHBKBM�B`2bX

1M T�`�HHĕH2 /2 +2 i`�p�BH- /2mt ûim/2b �p�B2Mi /ûi2+iû /2b �HHĕH2b 2M

K2` /m LQ`/ U*QQH2M kyRdV- �BMbB [mǶ2M LQ`pĕ;2 2i �m ap�H#�`/ UJ�i?B2b2M 2i �HX kyReVX

LQmb bQm?�BiBQMb pû`B}2` /�Mb mM T`2KB2` i2KTb H� +QKTQbBiBQM ;ûMûiB[m2 /2 +2b TQi2MiB2HH2b

BMi`Q/m+iBQMb �p2+ MQi`2 D2m /2 aLSbX G� T`2KBĕ`2 ûim/2 +QMi2M�Bi [m2H[m2b KQmH2b /2b /Q+Fb-

+2T2M/�Mi H� b2+QM/2 bǶ2bi �pû`û2 āi`2 mM2 BMi`Q/m+iBQM BM/ûT2M/�Mi2 /2 H� HB;Mû2 �iH�MiB[m2

/2 - T`ûb2Mi�Mi 2HH2 �mbbB mM2 �/KBtim`2 �p2+ HǶ2bTĕ+2 HQ+�H2X

dd



lM2 H�`;2 T`QTQ`iBQM /2b BMp�bBQMb K�`BM2b MǶ� bȿ`2K2Mi T�b ûiû /ûi2+iû2- bQmp2Mi HBû2

¨ mM2 Kû+QMM�Bbb�M+2 /2b 2bTĕ+2b +`vTiB[m2b- +Ƕ2bi@¨@/B`2 BM/Bzû`2M+Bû2b KQ`T?QHQ;B[m2K2Mi

UoB�`/ 2i �HX kyReVX § +2H� bǶ�DQmi2 TQm` H2 +QKTH2t2 THmbB2m`b +QMbi�ib �v�Mi `2i�`/û

H� /ûi2+iBQM /2 +2ii2 BMi`Q/m+iBQMX K2/X MǶ2bi /�Mb H2b 7�Bib T�b `2+?2`+?û2

2M 1m`QT2 TQm` THmbB2m`b `�BbQMb ,

Ĝ G� /BbiBM+iBQM Jû/Bi2``�Mû2f�iH�MiB[m2 �m b2BM /2 - #B2M [m2 `2+QMMm2

/2TmBb HQM;i2KTb UZm2b�/� 2i �HX RNN8+V- MǶ2bi T�b 7Q`K�HBbû2 T�` mM2 +H�bbB}+�iBQM 2M

/2mt 2bTĕ+2b Qm bQmb@2bTĕ+2bX G� /Bzû`2M+2 2Mi`2 +2b /2mt HB;Mû2b 2bi �BMbB `�`2K2Mi T`Bb2

2M +QKTi2- bQBi T�` K�M[m2 /ǶmM2 TQTmH�iBQM /2 `û7û`2M+2 U/Ƕ�iH�MiB[m2 Qm /2 Kû/Bi2``�@

Mû2MM2V- bQBi T�` HǶmiBHBb�iBQM /2 K�`[m2m`b T2m BM7Q`K�iB7b bm` +2ii2 /Bzû`2M+B�iBQMX *2ii2

BKT`û+BbBQM T`QpQ[m2 bQmp2Mi mM K�M[m2 /ǶBM7Q`K�iBQMb bm` H� bQm`+2 /ǶBMi`Q/m+iBQM ¨

HǶû+?2HH2 KQM/B�H2 U+7X h�#H2�m RV- K�Bb �mbbB mM2 #�M�HBb�iBQM /2 H� T`ûb2M+2 /2

/�Mb /2b `û;BQMb Qɍ H� HB;Mû2 �iH�MiB[m2 TQm``�Bi āi`2 T`ûb2Mi2 M�im`2HH2K2Mi

UbQBi T`Q+?2 /2 b2b /Bbi`B#miBQMb M�im`2HH2b `2+QMMm2b- bQBi /�Mb /2b `û;BQMb T2m ûim/Bû2b

Qɍ b� T`ûb2M+2 M�im`2HH2 b2`�Bi T`Q#�#H2VX S�` 2t2KTH2- HǶQ#b2`p�iBQM /2 aFB#BMbFB 2i �HX

URNd3#V /ǶmM2 TQTmH�iBQM �ivTB[m2 /�Mb H2 TQ`i /2 ar�Mb2�- /Bb+miû2

/�Mb HǶ�`iB+H2 /2 +2 +?�TBi`2- 2bi T�bbû2 BM�T2`Ïm2 /�Mb H� +QKKmM�miû T�` b� HQ+�HBb�iBQM

/�Mb mM2 xQM2 /Ƕ?v#`B/�iBQM 2Mi`2 �iHX 2i X

Ĝ .2 THmb- HǶ?BbiQB`2 M�im`2HH2 /m +QKTH2t2 ûi�Mi T�`iB+mHBĕ`2K2Mi +QKTHB[mû2

2i 2M+Q`2 K�H `ûbQHm2- BH 2bi T�`7QBb /B{+BH2 /2 +QM+Hm`2 bm` H2b Q`B;BM2b /2 +2`i�BM2b

TQTmH�iBQMbX *Ƕ2bi H2 +�b /ǶmM2 TQTmH�iBQM /2 2M ú+Qbb2 UGQ+? 1iBp2V [mB 2bi

BMi2`T`ûiû2 +QKK2 mM2 `2HB[m2 TQbi@;H�+B�B`2 �v�Mi ûiû +QBM+û2 /�Mb mM HQ+? U"2�mKQMi

2i �HX kyy3 c w#�rB+F� 2i �HX kyRyVX

Ĝ .2 K�MBĕ`2 ;ûMû`�H2- H2b TQ`ib bQMi /2b 2MpB`QMM2K2Mib T2m û+?�MiBHHQMMûb HQ`b[m2 HǶQM

bǶBMiû`2bb2 ¨ H� ;ûMûiB[m2 /2b TQTmH�iBQMb M�im`2HH2bX .2 THmb- H2b MQK#`2mb2b ûim/2b

miBHBb�Mi bTTX +QKK2 KQ/ĕH2 TQm` HǶû+QiQtB+QHQ;B2- T�`7QBb /�Mb /2b KBHB2mt �M@

i?`QTBbûb- +�`�+iû`Bb2Mi `�`2K2Mi �p2+ T`û+BbBQM H2b /Bzû`2Mi2b HB;Mû2b miBHBbû2bX

Ĝ 1M}M- H2b ûim/2b bTû+B}[m2b �mt BMi`Q/m+iBQMb miBHBb�Mi H2b Kûi?Q/2b /2 Kûi�;ûMQKB[m2 2i

/Ƕ�.L 2MpB`QMM2K2Mi�H b2 ?2m`i2Mi ¨ mM2 HBKBi�iBQM i2+?MB[m2 TmBb[mǶ2HH2b M2 T2`K2ii2Mi

T�b /2 /ûi2`KBM2` ¨ HǶ�B/2 /ǶmM2 b2mH2 Qm /2mt bû[m2M+2b HǶ2bTĕ+2 U2i 2M+Q`2 KQBMb H�

HB;Mû2V /2 T`ûb2Mi2 /�Mb HǶû+?�MiBHHQMX *2 T`Q#HĕK2 2bi HBû ¨ H� 7QBb ¨ mM2 /Bp2`;2M+2

HBKBiû2 2Mi`2 +2`i�BM2b HB;Mû2b- K�Bb bm`iQmi ¨ mM2 BMi`Q;`2bbBQM ;ûMû`�HBbû2 /�Mb HǶ2Mb2K#H2

/m +QKTH2t2 X �BMbB +2 ivT2 /Ƕûim/2- +B#H�Mi TQm`i�Mi bTû+B}[m2K2Mi H� /ûi2+iBQM

/ǶûpĕM2K2Mib /ǶBMi`Q/m+iBQM- `�TTQ`i2 H� T`ûb2M+2 /Ƕ2bTĕ+2b bTTX U>QHK�M 2i �HX

kyRNV- 2i +2 �m b2BM /2 `û;BQMb ?�#Biû2b M�im`2HH2K2Mi T�` �m KQBMb mM2 2bTĕ+2 /2 X

*2 +?�TBi`2 bǶBMiû`2bb2 TQm` HǶ�bT2+i bT�iB�H /2 HǶBMi`Q/m+iBQM �mt +Ƭi2b 7`�MÏ�Bb2b /2 H�

J�M+?2 2i /2 HǶ�iH�MiB[m2X *2ii2 `û;BQM 2bi M�im`2HH2K2Mi ?�#Biû2 T�` H2b /2mt HB;Mû2b

d3



*?�TBi`2 k

47

48

49

50

5.0 2.5 0.0 2.5

longitude

la
ti
tu

d
e

Saint-Malo

Cherbourg

Le Havre

Brest

Saint-Nazaire

*�`i2 T`ûb2Mi�Mi H� /Bbi`B#miBQM �ii2M/m2 /2b /2mt 2bTĕ+2b /2 KQmH2b
UD�mM2V 2i U#H2mV H2 HQM; /2b +Ƭi2b 7`�MÏ�Bb2b /2 H� J�M+?2 2i /2

HǶ�iH�MiB[m2- �BMbB [m2 H� TQbBiBQM �TT`QtBK�iBp2 /2b xQM2b /Ƕ?v#`B/�iBQM H2b BKTHB[m�MiX *BM[
TQ`ib û+?�MiBHHQMMûb /�Mb HǶûim/2 bQMi BM/B[mûb T�` H2b TQBMib pBQH2ibX

bm/@2mX 2i �iHX 2i T`ûb2Mi2 i`QBb xQM2b /Ƕ?v#`B/�iBQM U6B;m`2b 3 2i kXRVX *BM[

TQ`ib QMi ûiû B/2MiB}ûb +QKK2 +QHQMBbûb T�` H2b KQmH2b /2b /Q+Fb U6B;m`2 kXRVX

G2b TQ`ib DQm2Mi mM `ƬH2 BKTQ`i�Mi /�Mb H2b BMp�bBQMb K�`BM2bX 1M 2z2i- BH +QMbiBim2Mi /2b

Ŀ ŗH2b T`Qiû;û2b TQm` H2b Q`;�MBbK2b K�`BMb BMi`Q/mBib ŀ U"�t 2i �HX kyykVX G2b TQ`ib bQMi

TQi2MiB2HH2K2Mi H2b T`2KB2`b `û+2Ti2m`b /2b 2bTĕ+2b MQM M�iBp2b TmBb[mǶBHb bQMi /2b ?m#b /2

H� pQB2 /ǶBMi`Q/m+iBQM H� THmb BKTQ`i�Mi2 , H2 i`�}+ K�`BiBK2 U6B;m`2 e c JQHM�` 2i �HX kyy3VX

.2 +2 7�Bi- H2b TQ`ib +QKK2`+B�mt bQMi /2b TQBMib +?�m/b /ǶBMi`Q/m+iBQM UCX JX .`�F2 2i

GQ/;2 kyy9 c 62``�`BQ 2i �HX kyRdVX G2 i`�MbTQ`i /Ƕ2bTĕ+2b MQM BM/B;ĕM2b � i`ĕb +2`i�BM2K2Mi

+QKK2M+û �p2+ H2b T`2KB2`b pQv�;2b K�`BiBK2b BH v � /2b bBĕ+H2b U*�`HiQM 2i >Q//2` RNN8V-

+2T2M/�Mi HǶ�m;K2Mi�iBQM 2tTQM2MiB2HH2 /2b û+?�M;2b 2M i2`K2 /2 pQHmK2 2i /2 /Bbi�M+2 /2TmBb

H2 /û#mi /2 HǶ�B`2 BM/mbi`B2HH2 � �m;K2Miû +QMbB/û`�#H2K2Mi H� T`2bbBQM /2 T`QT�;mH2bX

.�Mb H2b BMp�bBQMb K�`BM2b- H2b TQ`ib T2mp2Mi �pQB` mM `ƬH2 /2 TQMi /ǶBMp�bBQM p2`b /2b BMi`Q@

/m+iBQMb b2+QM/�B`2b `û;BQM�H2b- ¨ H� 7QBb p2`b /Ƕ�mi`2b TQ`ib Qm p2`b H2 KBHB2m M�im`2H Uq�bbQM

2i �HX kyyR c GƦT2x@G2;2MiBH 2i �HX kyR8 c 62``�`BQ 2i �HX kyRdVX S�` 2t2KTH2 H2b K�`BM�b UTQ`ib

/2 HQBbB`bV- bQmp2Mi T`ûb2Mi2b ¨ HǶBMiû`B2m` Qm ¨ T`QtBKBiû /2b TQ`ib /2 +QKK2`+2- +QMi`B#m2Mi

¨ H� /BbT2`bBQM /2b 2bTĕ+2b BMp�bBp2b U*H�`F2 Jm``�v 2i �HX kyRRVX G2b TQ`ib TQm``�B2Mi �mbbB

b2`pB` /2 T�b D�TQM�Bb i2KTQ`�B`2b TQm` /2b i`�Mb72`ib bm` /2 THmb ;`�M/2b /Bbi�M+2b U�Ti2 2i �HX

kyyyVX .2b KQmH2b /2b /Q+Fb �v�Mi ûiû `û+QHiû2b /�Mb THmbB2m`b ;`�M/b TQ`ib +QKK2`+B�mt 2i

KBHBi�B`2b- BH ûi�Bi BKTQ`i�Mi /Ƕûp�Hm2` HǶ�KTH2m` /2 H2m` /Bbi`B#miBQM /�Mb H2b TQ`ib- ¨ H� 7QBb

+QKK2`+B�mt 2i /2 HQBbB`b- �}M /2 7�B`2 mM ûi�i /2b HB2mt /2 HǶBMi`Q/m+iBQMX

dN



.�Mb mM T`2KB2` i2KTb- HǶQ#D2+iB7 /2 +2 +?�TBi`2 2bi /2 /Q+mK2Mi2` HǶûi2M/m2 /2 HǶBMi`Q@

/m+iBQM H2 HQM; /2b +Ƭi2b 7`�MÏ�Bb2b UJ�M+?2 2i �iH�MiB[m2V 2i H� +QKTQbBiBQM ;ûMûiB[m2 /2 +2b

BMi`Q/m+iBQMbX LQmb +QM+HmQMb [m2 H2 ivT2 BMBiB�H Q#b2`pû ¨ *?2`#Qm`;- [m2 HǶQM �TT2HH2 KQmH2

/2b /Q+Fb U V- 2bi �/KBtû /�Mb /2b T`QTQ`iBQMb `2bT2+iBp2b ∼dyfjyW 2Mi`2

K2/X 2i bm/@2mX "B2M [mǶ�v�Mi 2Mp�?B H� K�DQ`Biû /2b TQ`ib �M�Hvbûb-

H� `ûT�`iBiBQM /2b KQmH2b /2b /Q+Fb 2bi `2bi`2BMi2 ¨ HǶBMiû`B2m` /2b TQ`ib 2i 2HH2b 7Q`K2Mi /2b

xQM2b /Ƕ?v#`B/�iBQM ¨ 7�B#H2 û+?2HH2 ¨ HǶ2Mi`û2 /2b TQ`ib �p2+ H2b 7QM/b ;ûMûiB[m2b HQ+�mtX *2b

KQmH2b HQ+�H2b T2mp2Mi āi`2 bQBi bm/@2mX bQBi �iHX U6B;m`2 kXRVX

G2b K�`[m2m`b BM7Q`K�iB7b 2Mi`2 2i K2/X /�Mb H2b KQmH2b /2b

/Q+Fb KQMi`2Mi mM2 p�`B�M+2 HBKBiû2 /2 HǶ�b+2M/�M+2 2Mi`2 K�`[m2m`b 2i HǶ�#b2M+2 /2 }t�iBQMbX

*2ii2 �#b2M+2 /2 }t�iBQMb T2`K2i /ǶûK2ii`2 HǶ?vTQi?ĕb2 /2 HǶ�#b2M+2 /ǶBM+QKT�iB#BHBiûb TQbi@

xv;QiB[m2b ¨ i`ĕb 7Q`i 2z2i- [mB ûi�B2Mi TQm`i�Mi �ii2M/m2b U"B2`M2 2i �HX kyyeV- 2i /2 #�H�v�;2b

bûH2+iB7b BKTQ`i�MibX .2 THmb- HǶ�M�Hvb2 /2b /BbiQ`bBQMb /2b 7`û[m2M+2b �HHûHB[m2b T�` `�TTQ`i ¨
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GǶûim/2 /2 H� bTû+B�iBQM 2i /2 HǶ?v#`B/�iBQM #ûMû}+B2 /2TmBb mM2 /Bx�BM2 /Ƕ�MMû2b /ǶmM2

�m;K2Mi�iBQM /2 MQi`2 +�T�+Biû ¨ Q#i2MB` /2b [m�MiBiûb iQmDQm`b THmb ;`�M/2b /ǶBM7Q`K�iBQMb

U2M i2`K2 /2 MQK#`2 /ǶBM/BpB/mbV ¨ mM2 `ûbQHmiBQM ;ûMQKB[m2 iQmDQm`b THmb T`û+Bb2 Ua22?�mb2M

2i �HX kyR9VX *2b +�T�+Biûb b2 i`�/mBb2Mi 2M i2`K2 /2 `2+?2`+?2 T�` HǶQ#i2MiBQM /2 Ŀ +�`i2b ŀ /2

THmb 2M THmb T`û+Bb2b /ǶûpĕM2K2Mib /Ƕ�/KBtim`2- 2M bǶBMiû`2bb�Mi ¨ HǶ�b+2M/�M+2 HQ+�H2 Q#b2`pû2

H2 HQM; /2b ;ûMQK2b 2i ¨ H� 7`û[m2M+2 /2b ?�THQivT2b Ua+?mK2` 2i �HX kyR9� c .m`�MiQM 2i �HX

kyR3 c G2Bir2BM 2i �HX kyR3 c a+?mK2` 2i �HX kyR3#VX �p2+ +2i �++ĕb ¨ HǶBM7Q`K�iBQM /Ƕ�b+2M@

/�M+2 HQ+�H2- /2 MQmp2HH2b [m2biBQMb T2mp2Mi āi`2 2tTHQ`û2b 2KTB`B[m2K2Mi +QKK2 HǶ2z2i /2b
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KBtim`2 Ua+?mK2` 2i �HX kyR3#V- H� `2+?2`+?2 /2b `û;BQMb #�``Bĕ`2b �m b2BM /m ;ûMQK2 U_�pBM2i
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LQmb Q#b2`pQMb �m +QMi`�B`2 mM2 ?QKQ;ûMûBiû /2 HǶ�/KBtim`2 ¨ HǶû+?2HH2 ;ûMQKB[m2 2i �m+mM2

}t�iBQM T�`i�;û2 2Mi`2 TQTmH�iBQMb TQ`im�B`2bX J�H;`û +2H�- H2b +Q``ûH�iBQMb Q#b2`pû2b �m +?�@

TBi`2 k bQMi +QMb2`pû2b 2Mi`2 H2b ûpĕM2K2Mib /Ƕ�/KBtim`2 BKTHB[m�Mi /2b HB;Mû2b T`Q+?2bX *2b

Rdk



*?�TBi`2 j

`ûbmHi�ib KQMi`2Mi [m2 /�Mb H2b TQTmH�iBQMb �/KBtû2b- /2 MQK#`2mb2b +QK#BM�BbQMb /2 `û;BQMb

;ûMQKB[m2b T�`2Mi�H2b QMi /2b p�H2m`b bûH2+iBp2b ûH2pû2bX lM KQ/ĕH2 TQHv;ûMB[m2 /2 HǶBbQH2K2Mi

`2T`Q/m+iB7 T2mi āi`2 BMpQ[mû TQm` 2tTHB[m2` +2b Q#b2`p�iBQMb U+?�TBi`2 9V- [mB TmBbb2 `2M/`2

+QKTi2 /2b KmHiBTH2b TQbbB#BHBiûb /2 H� `ûbQHmiBQM /ǶmM2 �/KBtim`2X

Rdj



Rd9



*?�TBi`2 j

Rd8



Rde



∼

∼

∼

*?�TBi`2 j

Rdd



Rd3



◦

◦ ◦ ◦

∼

*?�TBi`2 j

RdN



p

100×

R3y



p < 0.01

FST

FST

FST

FST > 0.9

*?�TBi`2 j

R3R



D = f − µ f

µ

D

1e4

2e−8

R3k



1×

FST

FST

FST

*?�TBi`2 j

R3j



0.25

0.50

0.75

1.00

0 20 40 60
Coverage

P
ro

po
rt

io
n 

of
 g

en
om

e 
at

 c
ov

er
ag

e

Coverage Low Mid High
A

0

10

20

30

40

0 5 10 15 20 25
Coverage for at least half of the genome

co
un

t

B

0

5

10

15

20

25

0.4 0.5 0.6 0.7 0.8
Proportion of genome covered by at least 1x

co
un

t

C

R39



FST

●●
●●

●

●

●

●●●
●

●

●

●● ●

●

●

●

●

●
●

●●

●

●●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●
●

●
●●

●

●

●●
●
●

−0.1

0.0

0.1

0.2

−0.1 0.0 0.1
PC1

P
C

2

●

●
●●

●●●

●●●●

●
●

●●

●
●●●

●

●●

●
●

●

●
●

●

●

●●

●●

●

●
● ●●

●

●
● ●●●●
● ●●●●●●

−0.3

−0.2

−0.1

0.0

0.1

−0.1 0.0 0.1
PC1

P
C

3

group

●

●

●

●

●

●

●

M edu America

M edu Europe North

M edu Europe South

M edu Brest bay

M galloprovincialis Atl Brittany

M galloprovincialis Atl South

M galloprovincialis Med

Le Havre

Cherbourg 2003

Cherbourg 2017

StMalo

Brest port background

Brest (secondary)

Q13A

Aberdeen

Jersey

Norway admixed

*?�TBi`2 j

R38



R3e



*?�TBi`2 j

R3d





*?�TBi`2 j

R3N



RNy



[0.77;0.79]

[0.65;0.68] [0.67;0.7]

[0.51;0.57] [0.61;0.66] [0.41;0.46]

[0.52;0.56] [0.6;0.64] [0.45;0.48] [0.48;0.54]

[0.32;0.45] [0.3;0.42] [0.32;0.44] [0.2;0.33] [0.16;0.28]

[0.46;0.5] [0.43;0.48] [0.34;0.38] [0.41;0.48] [0.42;0.46] [0.1;0.22]

[0.2;0.27] [0.15;0.23] [0.24;0.3] [0.13;0.22] [0.15;0.22] [0.07;0.2] [0.27;0.35]

[−0.04;0.05] [0;0.1] [0.02;0.11] [0.06;0.16] [0.03;0.12] [0.14;0.29] [0.05;0.15] [0.14;0.25]

[0.09;0.14] [0.08;0.13] [0.12;0.17] [0.1;0.16] [0.14;0.19] [0.04;0.16] [0.36;0.41] [0.33;0.45] [0.14;0.25]

[0.02;0.08] [0.06;0.13] [0.06;0.13] [0.15;0.23] [0.07;0.13] [−0.11;0.05] [0.26;0.33] [0.25;0.35] [0.22;0.33] [0.53;0.59]

0.78

0.66 0.68

0.54 0.64 0.44

0.53 0.62 0.46 0.51

0.39 0.36 0.39

0.48 0.45 0.35 0.44 0.44

0.31

0.39 0.38

0.29 0.56

0.27 0.22

0.16

0.24 0.19 0.28 0.17 0.18 0.14

0 0.05 0.07 0.11 0.07 0.22 0.1 0.19

0.12 0.1 0.14 0.13 0.16 0.1 0.19

0.05 0.09 0.09 0.19 0.1 −0.03 0.31 0.27

Che
rb

ou
rg

 2
00

3

Che
rb

ou
rg

 2
01

7

Le
 H

av
re

StM
alo

Bre
st

Q13
A

Bre
st 

(s
ec

on
da

ry
)

M
 g

all
o 

Atl B
rit

ta
ny

Je
rs

ey

Abe
rd

ee
n

Cherbourg 2017

Le Havre

StMalo

Brest

Q13A

Brest (secondary)

M gallo Atl Brittany

Jersey

Aberdeen

Norway

−1.0 −0.5 0.0 0.5 1.0

Pearson's r

r

p

5e−4

*?�TBi`2 j

RNR



∼

RNk



p̂

p̂ = 0.5

p̂

*?�TBi`2 j

RNj



RN9



*?�TBi`2 j

RN8











kyy



*
?�TBi`2

j

kyR



kyk



*
?�TBi`2

j

kyj



ky9



*
?�TBi`2

j

ky8



kye



LQmb �pQMb Tm Q#b2`p2` /�Mb H2b i`QBb +?�TBi`2b T`û+û/2Mib /2b T�i`QMb /2 `ûbQHmiBQM /Ƕ�/@

KBtim`2 bm` /2b i2KTb /Bzû`2Mib [mB T2mp2Mi T�`�ŗi`2 ¨ T`2KBĕ`2 pm2 +QMi`�/B+iQB`2bX CǶ2Mi2M/b

B+B T�` `ûbQHmiBQM /2 HǶ�/KBtim`2- H2 T`Q+2bbmb b2HQM H2[m2H- /�Mb mM2 TQTmH�iBQM �/KBtû2 Qm

BMi`Q;`2bbû2- H2b p�`B�Mib bQMi i`Bûb T�` HǶ�+iBQM /2 H� bûH2+iBQM M�im`2HH2 UBMi`BMbĕ[m2 2i 2ti`BM@

bĕ[m2V- /2 H� biQ+?�biB+Biû 2i /2 H� `2+QK#BM�BbQMX G2 T�`�/Qt2 �TT�`2Mi `ûbB/2 /�Mb H2 7�Bi

/ǶQ#b2`p2` ¨ HǶû+?2HH2 /2b 2bTĕ+2b /m +QKTH2t2 /2b +QKĕi2b /ǶBMi`Q;`2bbBQM ¨ H� 7QBb

HQ+�H2b 2i ;HQ#�H2b U+?�TBi`2 RV- �HQ`b [m2 H2b TQTmH�iBQMb �/KBtû2b 2i H2b +`QBb2K2Mib T`û@

b2Mi2Mi T2m /2 /BbiQ`bBQMb 2ti`āK2b- [m2 +2 bQBi bm` ∼3y K�`[m2m`b 2z2+iBp2K2Mi /Bzû`2M+Bûb

U+?�TBi`2 kV Qm ¨ HǶû+?2HH2 /m ;ûMQK2 U+?�TBi`2 jVX

G2 KQ/ĕH2 H2 THmb bBKTH2 /2 bQmb@/QKBM�M+2 UBX2X mM2 p�H2m` bûH2+iBp2 `û/mBi2 /2b ?ûiû`Q@

xv;Qi2bV /�Mb mM2 TQTmH�iBQM �/KBtû2 KĕM2 BMûHm+i�#H2K2Mi ¨ H� }t�iBQM /2 HǶmM /2b �HHĕH2b

T�`2Mi�mt Qm H� bûT�`�iBQM /�Mb HǶ2bT�+2 /2 +2b /2mt �HHĕH2b UBX2X H� 7Q`K�iBQM /Ƕ mM2 xQM2

/2 i2MbBQMVX G2 i2KTb /2 }t�iBQM 2i H� 7Q`+2 /2 H� #�``Bĕ`2 pQMi /ûT2M/`2 /2b T�`�Kĕi`2b

/ûKQ;`�T?B[m2b- /m +Q2{+B2Mi /2 bûH2+iBQM /m ;ûMQivT2 ?ûiû`Qxv;Qi2 2i /2 H� KB;`�iBQMX *2

+QKTQ`i2K2Mi #B@bi�#H2 2bi bQmp2Mi BMi2`T`ûiû /2 +2ii2 7�ÏQM /�Mb H2b xQM2b /Ƕ?v#`B/�iBQM

U+?�TBi`2 RV- #B2M [m2 T�`7QBb +QM7QM/m �p2+ /2 HǶ�/�Ti�iBQM HQ+�H2 U"B2`M2 2i �HX kyRRVX

.2 7�ÏQM T`Q+?2- mM KQ/ĕH2 ".JA U1M+�/`û kV bmTTQb2 H� }t�iBQM /Ƕ�m KQBMb mM /2b �HHĕH2b

T�`2Mi�mt- T�` H� +QMi`2 bûH2+iBQM /2b +QK#BM�BbQMb /Ƕ�HHĕH2b /û`Bpûf/û`BpûX GǶ�HHĕH2 /û`Bpû [mB

b2`� ûHBKBMû /ûT2M/`� /2 H� +QMi`B#miBQM BMBiB�H2 /2b T�`2Mib ¨ HǶ�/KBtim`2X *2 T`BM+BT2 2bi

BHHmbi`û /�Mb a+?mK2` 2i �HX UkyR3#V U6B;X aeV- /ǶQɍ H� 6B;m`2 9XR 2bi `2T`Bb2- 2i T2`K2i /�Mb

kyd



allèle a

allèle B

allèle a

allèle B

hB`û2 /2 a+?mK2` 2i �HX UkyR3#VX U�V JQ/ûHBb�iBQM /m +?�M;2K2Mi /2 7`û[m2M+2
/2 HǶ�HHĕH2 /m T�`2Mi k ¨ +?�[m2 HQ+mb UR 2i k- i`�Bib TH2BMb 2i TQBMiBHHûb `2bT2+iBp2K2MiV- /�Mb
/2mt bBim�iBQMb /Bzû`2Mi2b , #H2m @ HQ`b[m2 H2 T�`2Mi R 2bi K�DQ`Bi�B`2 c `Qm;2 @ HQ`b[m2 H2 T�`2Mi
k 2bi K�DQ`Bi�B`2X .�Mb H2b /2mt +�b /2 T`QTQ`iBQM /Ƕ�/KBtim`2- H2b p�`B�iBQMb /2 7`û[m2M+2b
bQMi +Q``ûHû2b ¨ +?�[m2 HQ+mbX G2 KQ/ĕH2 miBHBbû +QMbB/ĕ`2 B+B [m2 H� ".JA 2bi M2mi`2- +Ƕ2bi@
¨@/B`2 [m2 H2b �HHĕH2b /û`Bpûb MǶQMi T�b /Ƕ�p�Mi�;2 bûH2+iB7 T�` `�TTQ`i �mt �M+2bi`�mtX U"V
Jû+�MBbK2 K2M�Mi ¨ +2ii2 /vM�KB[m2X G2 KQ/ĕH2 ".JA 2bi bBKBH�B`2 ¨ HǶ1M+�/`û kX �T`ĕb H�
Tm`;2 /2 HǶ�HHĕH2 /û`Bpû T`Qp2M�Mi /m T�`2Mi KBMQ`Bi�B`2- HǶ�HHĕH2 /û`Bpû /m T�`2Mi K�DQ`Bi�B`2-
#B2M [mǶ�v�Mi /BKBMmû 2M 7`û[m2M+2- 2bi iQmDQm`b T`ûb2Mi /�Mb H� TQTmH�iBQM �/KBtû2X

+2i �`iB+H2 /Ƕ2tTHB[m2` H� +Q``ûH�iBQM /Ƕ�b+2M/�M+2 /�Mb mM2 `û;BQM /m ;ûMQK2 K�H;`û /2b

T`QTQ`iBQMb /Ƕ�/KBtim`2 BMBiB�H2b BMp2`bû2bX

*2b /2mt ivT2b /2 KQ/ĕH2b bmTTQb2Mi /2b 2z2ib bûH2+iB7b �bb2x 7Q`ib bm` mM MQK#`2 HBKBiû /2

K�`[m2m`b �}M /2 K�BMi2MB` mM2 #�``Bĕ`2 �mt ~mt /2 ;ĕM2b bm{b�Mi2b �m K�BMiB2M /2b 2bTĕ+2bX

G2b p�`B�iBQMb /2 7`û[m2M+2b /2p`�B2Mi �HQ`b āi`2 `2H�iBp2K2Mi `�TB/2b 2i T`Q/mB`2 /2b #�H�v�;2b

bûH2+iB7b BKTQ`i�MibX *2T2M/�Mi- H2b Q#b2`p�iBQMb 2KTB`B[m2b +?2x H2b KQmH2b- ¨ H� 7QBb bm` H2b

+`QBb2K2Mib 2tTû`BK2Mi�mt /2 6kb 2i "*b Ĝ +?2x [mB `2H�iBp2K2Mi T2m /2 ".JAb +H�bbB[m2b

QMi ûiû `2i`Qmpû2b Ĝ- 2i /�Mb /2 KmHiBTH2b ûpĕM2K2Mib /Ƕ�/KBtim`2 H�Bbb2Mi ¨ T2Mb2` [m2 T2m /2

`û;BQMb ;ûMQKB[m2b +QMbiBim2Mi mM2 #�``Bĕ`2 7Q`i2 �mt ~mt /2 ;ĕM2b 2i [m2 HǶ�/KBtim`2 T`Q/mBi

mM2 KmHiBim/2 /2 +QK#BM�BbQMb pB�#H2b b�Mb /ûT`2bbBQM ?v#`B/2X 1M}M- /�Mb /2b +QM/BiBQMb

M�im`2HH2b �p2+ /2 H� `2+QK#BM�BbQM 2i /2 H� KB;`�iBQM- H2b KQ/ĕH2b +H�bbB[m2b /2 ".JA M2

bQMi T�b 2z2+iB7b TQm` H2 K�BMiB2M /2b #�``Bĕ`2b /Ƕ2bTĕ+2b UGBM/iF2 2i "m2`FH2 kyR8VX

�}M /2 `û+QM+BHB2` H2b Q#b2`p�iBQMb /2b T�i`QMb /Ƕ�/KBtim`2 /�Mb H2b +`QBb2K2Mib 2i H2b

TQTmH�iBQMb �/KBtû2b- BH 2bi Mû+2bb�B`2 /2 +QMbB/û`2` /2b KQ/ĕH2b TQHv;ûMB[m2b T2`K2ii�Mi /2

T`2M/`2 2M +QKTi2 /2b `2H�iBQMb ûTBbi�iB[m2b ¨ H�`;2 û+?2HH2X .2 K�MBĕ`2 ;ûMû`�H2- H2b ûim/2b

/Ƕ�bbQ+B�iBQMb ;ûMQKB[m2b U:q�aV QMi T2`KBb `2H�iBp2K2Mi `û+2KK2Mi /2 `û�HBb2` [m2 #2�m@

ky3
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+QmT /2 i`�Bib ûi�B2Mi ?�mi2K2Mi TQHv;ûMB[m2b U"QvH2 2i �HX kyRd c a�+?/2p� 2i "�`iQM kyR3�V-

pB� MQi�KK2Mi HǶ�m;K2Mi�iBQM /2b TmBbb�M+2b /2 /ûi2+iBQMX aǶ�DQmi2 �mbbB ¨ H� `û�HBb�iBQM [m2

/2b KQ/ĕH2b TQHv;ûMB[m2b T2mp2Mi KB2mt T`û/B`2 /2b /QMMû2b +H�bbB[m2b /ǶBM+QKT�iB#BHBiû U2X;X

mM b2mBH TQHv;ûMB[m2 /2 H� biû`BHBiû ?v#`B/2 +?2x H2b /`QbQT?BH2b c JQ`�M 2i 6QMi/2pBH� kyR9V-

û;�H2K2Mi H� +QMbB/û`�iBQM [m2 /2b TQHvKQ`T?BbK2b T2mp2Mi +QMi`B#m2` ¨ HǶBbQH2K2Mi `2T`Q@

/m+iB7 U*mii2` kyRkVX

G� T`û/B+iBQM /m K�BMiB2M /ǶmM BbQH2K2Mi `2T`Q/m+iB7 /�Mb /2b +QMi�+ib b2+QM/�B`2b 2i /ǶmM2

?ûiû`Q;ûMûBiû /m ~mt /2 ;ĕM2b 2bi HBû2 ¨ H� T`ûb2M+2 /ǶBMi2`�+iBQMb BMi`�@;ûMQKB[m2b UGBM/iF2 2i

"m2`FH2 kyR8VX *2b BMi2`�+iBQMb BMi`�@;ûMQKB[m2b T2mp2Mi āi`2 KQ/ûHBbû2b /2 K�MBĕ`2 /B`2+i2

T�` /2b `ûb2�mt /2 ;ĕM2b +Q@�/�Tiûb Qm /2b pQB2b /2 `û;mH�iBQM ;ûMûiB[m2 /û+`Bib ¨ T�`iB`

/ǶQ#b2`p�iBQMb 2KTB`B[m2b UGBM/iF2 2i "m2`FH2 kyR8V- K�Bb �mbbB pB� /2b T`QT`Bûiûb ûK2`;2Mi2b

/2 +Q@�/�Ti�iBQM 2i /2 7Q`K2 /2 T�vb�;2 /2 }iM2bb /�Mb H2 KQ/ĕH2 ;ûQKûi`B[m2 /2 6Bb?2`

Uh2M�BHHQM 2i �HX kyyd c *?2pBM 2i �HX kyR9 c 6`�śbb2 2i �HX kyRe#VX

.�Mb +2ii2 ûim/2- MQmb miBHBbQMb H2 +�/`2 i?ûQ`B[m2 /m KQ/ĕH2 ;ûQKûi`B[m2 /2 6Bb?2` �}M

/Ƕ2tTHQ`2` H� p�H2m` bûH2+iBp2 /2b T`2KBĕ`2b ;ûMû`�iBQMb /Ƕ?v#`B/�iBQMX 1M miBHBb�Mi mM2 �TT`QtB@

K�iBQM T2`K2ii�Mi /2 `û/mB`2 H� /BK2MbBQMM�HBiû /m KQ/ĕH2 2i /Ƕ�m;K2Mi2` b� ~2tB#BHBiû- MQmb

KQMi`QMb [mǶBH T2`K2i /ǶQ#i2MB` /2b T`û/B+iBQMb +H�bbB[m2b /2 HǶûim/2 /2 H� bTû+B�iBQMX .2 THmb-

H� ~2tB#BHBiû /m KQ/ĕH2 T2`K2i mM2 BMi2`TQH�iBQM 2Mi`2 /Bzû`2Mi2b �TT`Q+?2b i?ûQ`B[m2b BMBiB�@

H2K2Mi /ûp2HQTTû2b TQm` T`û/B`2 /2b +�b 2ti`āK2b Q#b2`pûb /�Mb /2b +`QBb2K2MibX *2 KQ/ĕH2

T2`K2i mM2 T`2KBĕ`2 2tTHQ`�iBQM ¨ HǶû+?2HH2 ;ûMQKB[m2 /2b T�i`QMb /ǶBM+QKT�iB#BHBiû /�Mb /2b

+`QBb2K2Mib- b�Mb �pQB` `2+Qm`b ¨ /2b Ŀ ;ĕM2b /2 bTû+B�iBQM ŀ ¨ 2z2ib 7Q`ib- 2i H� T`û/B+iBQM

/2 MQmp2HH2b Q#b2`p�iBQMb +?2x H2b KQmH2b , mM2 /BbiQ`bBQM p2`b mM2 �m;K2Mi�iBQM ;HQ#�H2 /2

HǶ?ûiû`Qxv;QiB2 /�Mb mM +`QBb2K2Mi 6kX

*2i �`iB+H2 � ûiû Tm#HBû /�Mb H2 DQm`M�H X

�X aBKQM- LX "B2`M2 2i CX CX q2H+? UkyR3VX Ŀ *Q�/�Ti2/ :2MQK2b �M/ a2H2+iBQM QM >v#`B/b ,

6Bb?2`Ƕb :2QK2i`B+ JQ/2H 1tTH�BMb � o�`B2iv Q7 1KTB`B+�H S�ii2`Mb ŀX kX8-

TX 9dk@9N3X ,
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Natural selection plays a variety of roles in hybridization, speciation, and admixture. Most research has focused on two extreme

cases: crosses between closely related inbred lines, where hybrids are fitter than their parents, or crosses between effectively

isolated species, where hybrids suffer severe breakdown. But many natural populations must fall into intermediate regimes, with

multiple types of gene interaction, and these are more difficult to study. Here, we develop a simple fitness landscape model,

and show that it naturally interpolates between previous modeling approaches, which were designed for the extreme cases, and

invoke either mildly deleterious recessives, or discrete hybrid incompatibilities. Our model yields several new predictions, which

we test with genomic data from Mytilus mussels, and published data from plants (Zea, Populus, and Senecio) and animals (Mus,

Teleogryllus, and Drosophila). The predictions are generally supported, and the model explains a number of surprising empirical

patterns. Our approach enables novel and complementary uses of genome-wide datasets, which do not depend on identifying

outlier loci, or “speciation genes” with anomalous effects. Given its simplicity and flexibility, and its predictive successes with a

wide range of data, the approach should be readily extendable to other outstanding questions in the study of hybridization.

KEY WORDS: Dobzhansky–Muller incompatibilities, Haldane’s Rule, heterozygosity, inbreeding, speciation genetics, sterility.

Impact summary
When individuals of different populations mate, the offspring

will carry new combinations of alleles. Sometimes the new

combinations bring fitness benefits (heterosis). This is often

true, for example, when the parental lines are closely related

and highly inbred: a fact that can be exploited in artificial

breeding programs. Sometimes, the hybrids are much less fit

than their parents (hybrid breakdown), suggesting that the pop-

ulations may be distinct species. These different outcomes

depend on the ways in which the alleles interact, and so com-

paring the outcomes of different types of hybridization can

tell us a lot about gene interactions. We developed a general

mathematical multigenic model that makes simple predictions

for the fitness of hybrids of any type. We show that our model

can account for a large number of empirical patterns, includ-

ing some that were not well explained by alternative theories,

developed for specific cases. We tested our predictions with

new data from mussels, and published data from plants and

animals, and obtained a good fit. Our framework suggests a

new and complementary approach to analyzing genomic data

from hybrids, which does not rely on identifying small regions

of the genome with anomalous effects.

Hybridization and admixture lead to natural selection act-

ing on alleles in different genetic backgrounds. Most classical

studies of hybridization can be placed into one of two classes.

The first, involves crosses between closely related inbred lines,

where there is no coadaptation between the deleterious alle-

les that differentiate the lines, such that most hybrids are fitter

than their parents. Wright’s single-locus theory of inbreeding was

developed to interpret data of this kind (Wright 1922, 1977; Crow

1952; Hallauer et al. 2010). The second, involves crosses between

1
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effectively isolated species, where viable and fertile hybrids are

very rare. Data of this kind are often analyzed by focusing on a

small number of “speciation genes,” and interpreted using mod-

els of genetic incompatibilities (Dobzhansky 1937; Coyne and

Orr 1989; Orr 1995; Gavrilets 2004; Welch 2004; Kalirad and

Azevedo 2017).

The differences between these types of hybridization are

clear, but it is equally clear that they are extremes of a contin-

uum. Furthermore, the intermediate stages of this continuum are

of particular interest, because they include phenomena such as in-

cipient speciation, and occasional introgression between partially

isolated populations (Waser 1993; Rosas et al. 2010; Mendez et al.

2012; Fraı̈sse et al. 2016a; Duranton et al. 2017). However, it can

be difficult to model natural selection in this intermediate regime,

not least because models require a large number of parameters

when they include epistatic effects between many loci. The em-

pirical study of hybrid genotypes in this regime is also difficult.

The analysis of lab crosses often focuses on segregation distor-

tions of large effect, and pairwise incompatibilities (Coyne and

Orr 2004; Abbott et al. 2013). This QTL-mapping framework can

miss small effect mutations (Noor et al. 2001; Rockman 2012),

which are difficult to identify individually, but whose cumulative

effect can be substantial (Boyle et al. 2017).

One promising approach is to use Fisher’s geometric model,

which assigns fitness values to genotypes using a model of op-

timizing selection on quantitative traits (Fisher 1930; Orr 1998;

Welch and Waxman 2003; Martin and Lenormand 2006). The

tools of quantitative genetics have often been used to study hy-

bridization (e.g., Melchinger 1987; Lynch 1991; Demuth and

Wade 2005; Fitzpatrick 2008), but Fisher’s model is fully additive

at the level of phenotype, and the “traits” need not correspond in

any simple way to standard quantitative traits (Rosas et al. 2010;

Martin 2014; Schiffman and Ralph 2017). Instead, the goal is to

generate a rugged fitness landscape, which includes a wide vari-

ety of mutational effect sizes and epistatic interactions on fitness,

with a minimum of free parameters (Orr 1998; Blanquart et al.

2014; Barton 2017; Hwang et al. 2017).

Here, we build on previous studies (Mani and Clarke 1990;

Barton 2001; Rosas et al. 2010; Chevin et al. 2014; Fraı̈sse et al.

2016b; Schiffman and Ralph 2017), and use Fisher’s geometric

model to study hybridization. We develop a simple Brownian

bridge approximation, and show that it can naturally interpolate

between previous modeling approaches (Wright 1922, 1977; Orr

1995; Gavrilets 2004), which are appropriate for the two extreme

types of hybridization. We then show how the model can ac-

count for surprising empirical patterns that have been observed in

both regimes (Wright 1977; Moehring 2011; Moran et al. 2017).

Finally, we show that the model yields novel predictions for se-

lection on heterozygosity, and test these predictions with a wide

range of new and existing datasets (Table 1).

Models and Results
THE MODELS

Notation and basics

We will consider hybrids between two diploid populations, la-

beled P1 and P2, each of which is genetically uniform, but which

differ from each other by d substitutions. Considering all possi-

ble combinations of the two homozygotes and the heterozygote,

the populations could generate 3d distinct hybrid genotypes, and

each might differ in their overall fitness, or in some component

of fitness, such as fertility or viability. Below, we will focus on

rank order differences between different classes of hybrid (e.g.,

high vs. low heterozygosity, males vs. females, F1 vs. F2 etc.). As

such, following Turelli and Orr (2000), we describe hybrids us-

ing a “breakdown score,” S, which is larger for hybrids that have

lower values of the fitness component of interest. Breakdown

might relate to fitness via,

ln w ∝ −Sα/2 (1)

in which case, the parameter α adjusts the rate at which fitness

declines with breakdown. This is related to the overall levels

of fitness dominance and epistasis (Hinze and Lamkey 2003;

Tenaillon et al. 2007; Fraı̈sse et al. 2016b), and so these can vary

independently of other results. We now define the key quantity f ,

as the expected value of S for a given class of hybrid, scaled by

the expected value for an unfit reference class.

f ≡
E(S)

E(S†)
(2)

Here, E(S†), is the expected breakdown score for the class of

hybrid with the lowest fitness, on the condition that the parental

genotypes are optimally fit. In this case, f can vary between zero,

for the best possible class of hybrid, and one, for the worst possible

class. We will also consider the case where the parental types

are themselves suboptimal, with their own level of “breakdown,”

denoted fP1 and fP2. In this case, when fP1, fP2 > 0, then the

value of f for the hybrids can be greater than one (see below).

To define classes of hybrid, we also follow Turelli and Orr

(2000). We pay particular attention to interpopulation heterozy-

gosity, and define p12 as the proportion of the divergent sites that

carry one allele from each of the parental types. We also define p1

and p2 as the proportion of divergent sites that carry only alleles

originating from P1 or P2, respectively. Since p1 + p2 + p12 = 1,

it is convenient to introduce the hybrid index, h, which we de-

fine as the total proportion of divergent sites originating from P2

(Barton and Gale 1993).

h ≡ p2 +
1

2
p12 (3)

This quantity is closely related to measures of ancestry (e.g.,

Falush et al. 2003; Fitzpatrick 2012; Christe et al. 2016),
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Table 1. Datasets.

Hybridization N Sex #Markers Cross gX Fitness measure Reference

Zea mays inbred lines – } – Various – Excess yield See Fig. 3

Mytilus edulis/galloprovincialis 132 ♀/♂ 43 F2 – – This study

144 ♀/♂ 43 BC1 – –

Drosophila pseudoobscura/persimilis 1141/1036 ♀ 2 X; 11 A BC1 0.37 Motile sperm:

present/absent

Noor et al. (2001)

Drosophila sechellia/simulans 200/200 ♀ 8 X; 31 A BC1 0.17 Sperm quantity:

3-pt. scale

Macdonald and Goldstein (1999)

Drosophila santomea/yakuba 550/549 ♀ 10 X; 22 A BC1 0.17 Motile sperm:

9-pt. scale

Moehring et al. (2006a, 2006b)

Teleogryllus oceanicus/commodus 248 ♂ – Various 0.30 Egg and offspring

number

Moran et al. (2017)

Populus alba/tremula 137 ♀♂ ∼12,000 WH – Survival after 4

years

Christe et al. (2016)

Senecio aethnensis/chrysanthemifolius 64 } 966 F2 – Necrotic/Healthy Chapman et al. (2016)

Mus musculus musculus/domesticus 185 ♀ 14,220 WH 0.039 Testes weight Turner and Harr (2014)

305 ♀ 202 (16 X; 182 A) F2 0.039 Prop. abnormal

sperm

White et al. (2011)

N, The number of individual hybrids, divided by backcross direction where appropriate; #Markers, The number of genetic markers used to estimate p12 and h, sometimes divided into X-linked and Autosomal.

BC1, First backcross; WH, Wild hybrids. gX , weight given to X-linked markers in the calculation of overall genome composition, calculated from the length of annotated coding sequence.
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A B C

Figure 1. Diploid hybrid genomes can be represented as points in a triangular space, indicating their hybrid index, h (the total proportion

of divergent alleles that originate from parental line P2), and their interpopulation heterozygosity, p12 (the proportion of divergent sites

that carry one allele from each parental line). Panel (A) shows how the standard crosses are placed in this space, with biparental

inheritance. The two parental lines P1 and P2 are at the lower corners. The initial F1 cross (P1 × P2) will be heterozygous at all divergent

sites, and so be found at the top corner. Individuals from later crosses will vary due to segregation and recombination, but the F2 (F1 × F1)

will tend to be found toward the center, while backcrosses (such as BC1 = F1 × P1 or F1 × P2) will be found on the upper edges (see Fig. 3

for more details of these backcrosses). Panel (B) illustrates the selection on heterozygosity predicted by Fisher’s geometric model, when

the parental lines are well adapted (eq. 9). In backcrosses, heterozygosity will be under diversifying selection, favoring both extreme

values. By contrast, in the F2, we predict directional selection toward higher heterozygosity. Panel (C) illustrates some complications

introduced by heteromorphic sex chromosomes (see eq. 16 and Appendix 4). With XO sex determination, male F1 carry no heterozygosity

on the X, which will tend to reduce their fitness, consistent with Haldane’s Rule. For male backcrosses (F1 × P1), the selection acting

on (autosomal) heterozygosity, will depend on the alleles carried on the X. When the X carries mostly P2 alleles, fitter individuals will

be more heterozygous (darker gray arrow). When the X carries mostly P1 alleles, the fittest individuals will carry no heterozygosity

(lighter gray arrow). gX is the proportion of the divergent sites found on the X, and is set at 37%, as we have estimated for Drosophila

pseudoobscura.

although it considers only divergent sites. We can now describe

each individual genotype via its heterozygosity, p12, and hybrid

index, h. This means that all hybrids can be represented as points in

a triangular space, as shown in Figure 1 A (Gompert and Buerkle

2010; Fitzpatrick 2012). Our goal in this article is to represent this

space as a kind of fitness landscape, and show how f can vary

with p12 and h.

Fisher’s geometric model

Fisher’s model is defined by n quantitative traits under selection

toward an intermediate optimum (Fisher 1930). We will assume

that fitness is always measured in a fixed environment, but we

make no assumptions about how this optimum might have moved

during the parental divergence (see Appendix 1). If the selection

function is multivariate normal, including correlated selection,

then we can rotate the axes and scale the trait values, to spec-

ify n new traits that are under independent selection of differ-

ent strengths (Waxman and Welch 2005; Martin and Lenormand

2006; Martin 2014). Examples with n = 2 traits are shown in

Figure 2. We now define the breakdown score of a phenotype as

S ≡
n

∑

i=1

λi z
2
i (4)

where, for trait i , zi is its deviation from the optimum and λi is

the strength of selection. By assumption, all mutational changes

act additively on each trait, but their effects on fitness can vary

with the phenotype of the individual in which they appear, and

this yields fitness dominance and epistasis (Appendix 1).

The d substitutions that differentiate P1 and P2 can be con-

sidered as a chain of vectors, which connect the two parental

phenotypes (Fig. S1). While the sizes and directions of these vec-

tors will generally be unknown, in Appendix 1, we show that

the chain can be approximated as a constrained random walk,

or Brownian bridge (Revuz and Yor 1999, Ch. 1). This approx-

imation relies on the fact that hybrid genomes contain the fixed

alleles in effectively random combinations, and it gives accurate

results for a wide range of assumptions about the divergence pro-

cess (Figs. S2–S3), including adaptation of the parental lines to

different environments (Appendix 1; Fig. S4).

Under the Brownian bridge approximation, the quantity

E(S†), that appears in equation (2), is given by

E(S†) = d

n
∑

i=1

λivi (5)

where vi is the expected variance contributed to trait i by a fixed

mutation in heterozygous state and we have assumed that any

maladaptation has accrued independently in the two parental lines

(see Appendix 1 and Table S1). The key quantity f is given by

f = fP1 + β1h(1 − β2h) − p12 (6)
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A

B

C

Figure 2. Fisher’s geometric model generates a flexible series of fitness landscapes for hybrid genotypes. The left-hand panels show a

schematic representation of the model, with n = 2 traits, each under optimizing selection of differing strengths. (The orientation of the

axes shows that the model allows for correlated selection, although this is ignored in the text, by rotating the axes). The right-hand panels

show how the expected breakdown score (eqs. 2 and 6), varies for hybrids of different types. Panels (A)–(C) show different assumptions

about levels of parental maladaptation. Panel (A) shows a scenario where all of the parental divergence is maladaptive, with no tendency

for their alleles to be coadapted. In this case, hybrid fitness increases with their heterozygosity, as predicted by Wright’s single-locus

theory of inbreeding (eq. 8; Wright 1922, 1977). Panel (B) shows a scenario where the parental lines are optimal (or, at least, very well

adapted compared to the worst class of hybrid that can be formed between them). In this case, the hybrid index is under symmetrical

diversifying selection, and the form of selection on heterozygosity will vary for different cross types (eqs. 9, 13, and 15). This landscape

can also be generated by a general model of genetic incompatibilities (see Appendix 2). Panel (C) shows a situation where only one of

the parental lines is maladapted (eq. 10 with fP2 = 0.5).
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where

β1 ≡ 4 − 2 fP1

β2 ≡
4 − fP1 − fP2

4 − 2 fP1

(7)

(see Appendix 1 for full details). Two features of equation (6)

are immediately notable. First, it does not depend on any of the

model parameters. For example, the number of traits, n, could

affect the accuracy of our approximation (since S will tend to

approach normality as n increases); but it does not appear in

equation (6), which depends solely on p12, h and the levels of

parental maladaptation. Second, for a given value of h, the fitness

of hybrids will tend to increase with their heterozygosity, p12. This

prediction agrees with the widespread finding of heterosis (Crow

1952; Table S1 of Fraı̈sse et al. 2016b). Indeed, by rearranging

equation (6) it is clear that hybrids will tend to be fitter than

parental line P1 (such that f < fP1) on the condition that p12 >

β1h(1 − β2h).

It is also useful to consider equation (6) in a few special cases.

First, let us assume that all of the divergence between the parents

is maladaptive, without any tendency for coadaptation between

their alleles. In this case, the parental phenotypes can be treated as

unconstrained random walks away from the optimum. Each fixed

mutation, in homozygous state, will contribute an expected 4vi to

the variance on each trait, and so, from equations (4) and (5), we

have E( fP1) = E( fP2) = 2 (see also Appendix 1). With this high

level of parental maladaptation, the expected breakdown score of

the hybrids is

f = 2 − p12, fP1, fP2 = 2 (8)

The fitness landscape implied by equation (8) is illustrated in

Figure 2 A. With these extreme levels of parental maladaptation,

hybrid breakdown depends only on the heterozygosity. Indeed,

this result is closely related to Wright’s (1922) single-locus the-

ory of inbreeding, which was developed to analyze crosses be-

tween closely related inbred lines, where all divergence between

the parental lines comprises deleterious alleles. Wright’s theory

therefore appears as a special case of Fisher’s geometric model,

when parental alleles show no coadaptation (see below).

Now let us consider the other extreme case, where the

parental alleles are completely coadapted, such that P1 and P2

both have optimal fitness, but realized by different combinations

of alleles. In this case, we find

f = 4h(1 − h) − p12, fP1, fP2 = 0 (9)

The fitness landscape implied by equation (9) is illustrated in

Figure 2 B. With well-adapted parents, the hybrid index is under

symmetrical diversifying selection.

As with equation (8), equation (9) can also be derived via an

alternative route, using a model of speciation genetics. In partic-

ular, we show in Appendix 2 that equation (9) can be obtained

from a general model of “Dobzhansky–Muller incompatibilities,”

each involving a small number of loci (Orr 1995; Turelli and Orr

2000; Gavrilets 2004; Welch 2004; Fraı̈sse et al. 2016b). The

agreement between the two models depends on a particular set

of assumptions about the dominance of incompatibilities, namely

(i) partial recessivity on average, and (ii) greater reduction in fit-

ness when they contain homozygous alleles from both parental

lines. However, we show in Appendix 2 that these assumptions are

biologically realistic, and implied by a number of well-established

empirical patterns (Turelli and Orr 2000). The result is that equa-

tion (9) can be interpreted as a model of genetic incompatibilities,

but without the large number of free parameters that these models

can require.

Equation (9) is expected to apply to many cases of wild

hybridization, because it should provide a good approximation

even if the parental populations are not truly optimal. The only

requirement is that they be much better adapted than the worst

possible class of hybrid, such that fP1, fP2 ≪ 1.

Nevertheless, the general form of equation (6) also allows

us to explore intermediate cases. For example, if only P2 is mal-

adapted, then we find

f = 4h

(

1 −
(

1 −
1

4
fP2

)

h

)

− p12, fP1 = 0 (10)

In this case, as illustrated in Figure 2 C, selection on hybrid index

is skewed toward the fitter parent. Below, we will show how all

three of these special cases (Fig. 2 A–C) can be used in data

analysis.

TESTING THE PREDICTIONS WITH BIPARENTAL

INHERITANCE

Fitness differences between crosses

The simplest predictions from equation (6) assume standard bi-

parental inheritance at all loci. In this case, the standard cross types

can be easily located on our fitness landscapes. This is shown in

Figure 1 A.

With well-adapted parental lines (Fig. 2 B) hybrids of high

fitness are expected only for the initial F1 cross (P1 × P2) and

breakdown is predicted for later crosses, such as the first backcross

(BC1: F1 × P1 or F1 × P2) or the F2 (F1 × F1). This pattern

of F1 hybrid vigor (high F1 fitness) followed by breakdown in

later crosses, has widespread empirical support (see references in

Table S1 of Fraı̈sse et al. 2016b and Rosas et al. 2010).

With highly maladapted parents, by contrast, hybrids of all

types can be fitter than their parents (see Fig. 2 A). Plentiful

data of this kind come from highly inbred lines of Zea mays

(Neal 1935; Wright 1977; Melchinger 1987; Hinze and Lamkey
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2003; Hallauer et al. 2010). To analyze these data, a widely used

proxy for fitness is the excess yield of a cross (i.e., its increase

in yield relative to the parental lines), scaled by the excess yield

of the F1. From equations (1)–(2), and using a Taylor expansion,

we find

w − wP

wF1 − wP

≈
f

α/2

P − f α/2

f
α/2

P − f
α/2

F1

(11)

= p12, fP = 2, α = 2 (12)

where the subscript P refers to both parental lines, which are

assumed to have similar yields. For later crosses, these values

will vary between individuals within a cross, due to segrega-

tion and recombination, but in this section we ignore this vari-

ation, and assume that p12 and h take their expected values for

a given cross type (Fig. 1 A). A fuller treatment is outlined in

Appendix 3.

Equation (12) confirms that Fisher’s model can produce

Wright’s (1922) single-locus predictions for inbreeding, but only

when all divergence between the parental lines is deleterious

( fP = 2), and when increases in breakdown score act indepen-

dently on log fitness (α = 2). These single-locus predictions have

strong support in Zea mays (Neal 1935; Wright 1977; Melchinger

1987; Hinze and Lamkey 2003; Hallauer et al. 2010). For exam-

ple, as shown in Figure 3 A, the excess yield of the F2 is often

around 50%, which is equal to its expected heterozygosity (Wright

1977; Hallauer et al. 2010). It is also notable that the two outlying

points (from Shehata and Dhawan 1975), are variety crosses, and

not inbred lines in the strict sense.

Despite this predictive success, Wright (1977) noted a pattern

that single-locus theory could not explain. In Wright’s words:

“the most consistent deviation from expectation [...] is the low

yield of F2 in comparison with the first backcrosses” (Wright

1977, p. 39). Because E(p12) = 1
2

for both crosses, this cannot be

explained without epistasis, or coadaptation between the alleles

in the parental lines. In fact, the pattern is predicted by Fisher’s

model, when there is a small amount of coadaptation, such that

1 < fP < 2. This yields a fitness surface with a small amount of

curvature, which is intermediate between those shown in Figure 2

A and 2 B.

Figure 3 B plots the four relevant datasets collated by Wright,

and compares the results to predictions from equations (6) and

(11), with fP = 1.5 and α = 3. The model predicts the roughly

linear increase in yield with mean heterozygosity, as with single

locus theory, but also predicts the consistent difference between

BC1 and the F2.

Selection on heterozygosity within crosses

In the previous section, we ignored between-individual variation

in heterozygosity within a given cross type. In this section, we
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Figure 3. Data on hybrid vigor (i.e., increased yield), from crosses

of inbred Zea mays. The original data were collated by Wright

(1977; see his Table 2.23), and Hallauer et al. (2010; see their Ta-

ble 9.13), including only data from single crosses, where there

was hybrid vigor in the F2, and yield measured in quintals per

hectare. Panel (A) plots the excess yield of the F2 (eq. 11). Results

are shown for variety crosses (black triangles), as well as crosses

of inbred lines in the strict sense (all other points). The dashed line

shows the prediction of 0.5 from single-locus theory (eq. 12). Panel

(B) shows the four datasets collated by Wright (1977), which allow

us to compare the F2 and various backcrosses. These crosses, cho-

sen to yield different levels of heterozygosity, are the parental

type (P1), the second backcross (BC2 = (F1 × P1) × P1); the first

backcross (BC1 = F1 × P1), the F2 (F1 × F1), second backcross to

the other parent (BC2∗ = (F1 × P1) × P2), and the F1 (P1 × P2) (The

data of Stringfield (1950), shown as gray triangles, replace BC2∗

with an F2 between two distinct F1, involving three distinct strains,

but the predictions are unchanged). The gray symbols for the four

datasets correspond to those used in panel (A). The dotted line

in panel (B) shows predictions from Fisher’s model, assuming that

the between-strain divergence contains limited coadaptation. The

prediction uses equations (13), (14), and (11), with fP = 1.5, and

α = 3. The model predicts both the roughly linear increase in vigor

with heterozygosity, and the systematic difference between BC1

and F2.
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show how natural selection is predicted to act on this heterozy-

gosity.

First, let us consider the F2. In this case, we have 4h(1 −
h) ≈ 1 with relatively little variation between individuals (see

Appendix 3 for details). Therefore, if both parents have similar

levels of maladaptation, equation (6) is well approximated by

fF2 ≈ 1 +
1

2
fP − p12 (13)

The prediction is that p12 will be under directional selection in

the F2, favoring individuals with higher heterozygosity. This is

illustrated in Figure 1 B.

Now let us consider a backcross: F1 × P1. In this case, all

of the homozygous alleles must come from P1, such that 4h(1 −
h) = p12(2 − p12), and so equation (6) becomes

fBC = fP + (1 − fP)p12 −
(

1 −
1

2
fP

)

p2
12 (14)

= p12(1 − p12), fP = 0 (15)

So backcrosses will tend to be least fit when they have interme-

diate levels of heterozygosity. When parents are well adapted,

heterozygosity is under symmetrical disruptive selection, favor-

ing heterozygosities that are either higher or lower than p12 = 0.5

(eq. 15). This is illustrated in Figure 1 B .

To test these predictions, we used a new set of genetic data

from hybrids of the mussel species: Mytilus edulis and Mytilus gal-

loprovincialis (Bierne et al. 2002, 2006). These species fall at the

high end of the continuum of divergence during which introgres-

sion persists among incipient species (Roux et al. 2016). We used

experimentally bred F2 and BC1, with selection imposed implic-

itly, by the method of fertilization, and by our genotyping only

individuals who survived to reproductive age (Bierne et al. 2002,

2006; see Methods and Fig. S6 for full details).

To estimate heterozygosity in each hybrid individual, we used

the 43 markers that were heterozygous in all of the F1 hybrids

used to make the subsequent crosses (see Fig. S6). We then asked

whether the distribution of p12 values in recombinant hybrids

was symmetrically distributed around its Mendelian expectation

of p12 = 0.5, or whether it was upwardly biased, as would be

expected if directional selection were acting on heterozygosity. As

shown in the first column of Table 2, Wilcoxon tests found that

heterozygosities in surviving hybrids were significantly higher

than expected, in both the F2 and backcross. These results may

have been biased by the inclusion of individuals with missing

data, because they showed higher heterozygosity (see Table S2).

We therefore repeated the test with these individuals excluded.

As shown in the second column of Table 2, results were little

changed, although the bias toward high heterozygosities was now

weaker in the backcross.

Interpreting these results is complicated by the ongoing gene

flow between M. edulis and M. galloprovincialis in nature (Fraı̈sse

et al. 2016a). To test for this, we genotyped 129 pure-species in-

dividuals, and repeated our analyses with a subset of 33 markers

that were strongly differentiated between the pure species (see

Methods, Fig. S6 and Table S3 for details). With these mark-

ers, there was evidence of elevated heterozygosity in the F2, but

not the backcross (Table 2 third column). We also noticed that

many of our backcross hybrids, though backcrossed to M. gal-

loprovincialis, carried homozygous alleles that were typical of

M. edulis. We therefore repeated our analysis after excluding these

“F2-like” backcrosses. Results, shown in the fourth column of

Table 2, showed that the reduced BC dataset showed no tendency

for elevated heterozygosity. However, the bias toward higher het-

erozygosities remained in the F2, even when we subsampled to

equalize the sample sizes.

Despite the problems of interpretation due to introgres-

sion and shared variants, the results support the prediction of

equations (13)–(15): that directional selection on heterozygosity

should act in the F2, but weakly or not at all in the backcross.

PREDICTIONS OF FISHER’S GEOMETRIC MODEL

WITH SEX-SPECIFIC INHERITANCE

Results above assumed exclusively biparental inheritance. But

the predictions of Fisher’s model are easily extended to include

heteromorphic sex chromosomes, or loci with strictly uniparental

inheritance, such as organelles (Coyne and Orr 1989; Turelli and

Orr 2000; Turelli and Moyle 2007; Fraı̈sse et al. 2016b). In this

section, we introduce the approach, and demonstrate its flexibility,

while the full derivations are collected in Appendix 4. The basic

method of introducing sex-specific inheritance is to write p12 and

h as weighted sums of contributions from different types of locus.

For example, to focus on the contribution of the X chromosome

versus the autosomes, we can write

p12 = gX p12,X + gA, p12,A

h = gX h X + gA h A (16)

where the subscripts denote the chromosome type (so that p12,A

is the proportion of divergent sites on the autosomes that are

heterozygous), and gX and gA are weightings, which sum to one

(Turelli and Orr 2000).

We can now predict differences in hybrids of different sexes.

For example, previous authors have shown that Fisher’s model

predicts Haldane’s Rule: the tendency of sex-specific breakdown

to appear in the heterogametic sex (Haldane 1922; Turelli and

Orr 2000; Barton 2001; Fraı̈sse et al. 2016b; Schiffman and

Ralph 2017; see Fig. 1 C). Using equations (16) and (6), this

basic insight can easily be extended to give formal conditions for
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Table 2. Tests for selection on heterozygosity in F2 and Backcrosses of Mytilus mussels.

Markers: 43 43 33 33

Dataset: All No missing data No missing data Subsampled

Cross p̂12 (N ) P-value p̂12 (N ) P-value p̂12 (N ) P-value p̂12 (N ) P-value

F2 0.57 (132) 1.5 × 10−6∗∗∗
0.56 (88) 6.4 × 10−4∗∗∗

0.55 (91) 0.0033
∗∗

0.56 (56) 0.0020
∗∗

BC 0.57 (144) 1.3 × 10−5∗∗∗
0.53 (94) 0.0282

∗
0.53 (105) 0.0569 0.52 (56) 0.5815

p̂12, the estimated median heterozyosity; N, the number of hybrid individuals sampled; P -value, result of a Wilcoxon test of the null hypothesis median

p12 = 0.5 (∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001). F2, random mating of F1 between M. galloprovincialis and M. edulis; BC, Backcross of the F1 to M.

galloprovincialis. No missing data, all individuals with missing data for any of the markers were excluded; Subsampled, for the BC, any individual carrying a

marker that was homozygous for the major allele carried by wild M. edulis populations was excluded; for the F2, we downsampled by sequencing order to

equalize sample sizes.

Haldane’s Rule, with different levels of parental maladaptation,

and uniparental inheritance (see Appendix 4).

Sex chromosomes also complicate predictions about selec-

tion on heterozygosity within crosses. Consider, for example,

male backcrosses in an XY species, where the X chromosome is

large, the Y chromosome is small or degenerate, and the parental

lines are reasonably fit. These backcross males will vary in their

autosomal heterozygosity (p12,A), but the selection on this het-

erozygosity will vary with the alleles carried on the X. This is

illustrated in Figure 1 C. If the backcross is made to P1, but hX is

large (i.e. divergent X-linked alleles come mainly from P2), then

heterozygosity will tend to be under positive selection (see darker

arrow in Fig. 1 C); but if h X is small, then heterozygosity will

tend to be under negative selection (see lighter arrow in Fig. 1 C,

Appendix 4 and Fig. S8 for details).

To test this prediction, we used data from Noor et al. (2001)

(Fig. S7). These authors generated male backcrosses between

Drosophila pseudoobscura and Drosophila persimilis. These

species are ideal for our test, because the X carries ∼37% of

the coding sequence, the Y is degenerate, and the hybrids can

be fully sterile (see Table 1, Methods, and Noor et al. 2001).

Each backcross male was scored for sterility, and multiple ge-

netic markers, including two markers on the X (see Table 1).

We characterized the X as low-h X if both markers carried the

P1 allele, and as high-h X if both markers carried the P2 al-

lele; we excluded intermediate individuals, for which we have

no clear prediction. We then regressed sterility on heterozygos-

ity, p12,A, but allowed the intercept and the slope to vary with

h X . Results, shown in Table 3, show that both h X and p12,A are

important predictors of sterility in these backcrosses, and that

their effects interact. With low h X , sterility is generally rarer,

but positively correlated with p12,A. With high h X , by contrast,

sterility is more common, and negatively correlated with p12,A.

The predictions of Fisher’s model are therefore supported, in both

cross directions.

The interaction between h X and p12,A may also help to ex-

plain a broader set of patterns observed by Moehring (2011)

in multiple datasets of Drosophila backcrosses (Macdonald and

Goldstein 1999; Noor et al. 2001; Moehring et al. 2006a, 2006b

and see Table 1). Moehring found that male fertility correlated

strongly and negatively with h X , while correlations with p12,A

were weak and inconsistent. This pattern was not consistent with

predictions of a simple model of X-autosome incompatibilities

(Moehring 2011), but it is consistent with Fisher’s geometric

model (see Fig. 1 C, Fig. 2 B, and Appendix 4).

Female backcrosses in Teleogryllus

Fisher’s model can help to explain more complex patterns. To

illustrate this, we will consider the data of Moran et al. (2017)

from the field crickets Teleogryllus oceanicus and T. commodus.

These species have XO sex determination, and a large X chromo-

some (gX ≈ 0.3, from Moran et al. 2017). They are also a rare

exception to Haldane’s Rule, with F1 sterility appearing solely

in XX females (Hogan and Fontana 1973). Moran et al. (2017)

hypothesized that female sterility might be caused by negative in-

teractions between heterospecific alleles on the X, which appear

together in F1♀, but not in F1♂.

To test this hypothesis, they generated backcross females

with identical recombinant autosomes, but different levels of het-

erozygosity on the X, p12,X . The hypothesis of X–X incompati-

bilities predicts that fertility will decrease with p12,X , but this was

not observed. This is shown in Figure 4 A.

To try and explain the patterns that were observed, let us

note two clear asymmetries in the data. First, there are strong

differences between the fitness levels of the two parental species

in lab conditions, with T. commodus (labeled P2 in Fig. 4) pro-

ducing around half the eggs and offspring of T. oceanicus (P1

in Fig. 4). This suggests that equation 10 might apply to these

data. Figure 4 shows a second asymmetry in the data: the re-

ciprocal F1 (female–male vs. male–female) have very different

fitness (Turelli and Moyle 2007; Fraı̈sse et al. 2016b). Because

the X and autosomes will be identical for both cross directions,

this implies some sort of parent-of-origin effect on the phenotype.

This could be either uniparental inheritance, or selective silencing
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Table 3. Regressions of male sterility on autosomal heterospecificity in Drosophila backcrosses.

Backcross to N Model intercept (low h X ) intercept (high h X )

Best-fit coefficients

for p12,A AIC

D. persimilis 577 two intercepts −1.071 1.797 – 596.79

two intercepts

+ one slope

−2.165 0.764 2.147 580.41

two intercepts

+ two slopes

−3.033 2.871 3.746 (low-h X );

−1.973 (high-h X )

558.91

D. pseudoobscura 610 two intercepts −0.197 2.962 – 603.53

two intercepts

+ one slope

−2.031 1.219 3.620 558.18

two intercepts

+ two slopes

−2.485 4.034 4.505 (low-h X );

−1.876 (high-h X )

545.87

AIC, Akaike Information Criterion; preferred model shown in bold.

A B

Figure 4. Data on female fertility, from crosses of the field crickets Teleogryllus oceanicus (P1), and T. commodus (P2), from Moran et al.

(2017), compared to theoretical predictions from Fisher’s geometric model. Plotting styles denote the level of X-linked heterozygosity:

high (circles and darker shading); intermediate (triangles and lighter shading) or low (squares and no shading). To plot the data (column

A), we used the mean number of offspring per pair (upper panel), or mean number of eggs per pair (lower panel), each normalized by

the value for P1 (see the supplementary information of Moran et al. 2017 for full details). The theoretical predictions (column B) are listed

in Table S4. In the upper panel, we assume gX = 0.3, as estimated from the chromosome sizes, and complete silencing of the paternal X

(such that π = 1 in Table S4). In the lower panel, we assume gX = 0.7, and incomplete silencing of the paternal X (π = 0.8), to improve

fit to the egg data. While predictions apply to the rank order of fitnesses, to aid visualization, we plot w = e−6 f2
(see eq. 1), and set the

parameter fP2 via 0.5 = e−6 fP2 , to reflect the lower fertility of this species under lab conditions.

(Turelli and Moyle 2007; Fraı̈sse et al. 2016b). One possibility

is the speculation of Hoy and collaborators (see e.g., Hoy et al.

1977; Butlin and Ritchie 1989; Dr. Peter Moran pers. comm.),

that dosage compensation in Teleogryllus involves silencing of the

paternal X.

We can now use the foregoing assumptions to predict the

levels of breakdown for each of the crosses produced by Moran

et al. (2017). The predictions for each cross are listed in Ta-

ble S4, and plotted in the upper panel of Figure 4 B. This sim-

ple model explains several striking aspects of the Teleogryllus

data.

Adjusting the parameter values can further improve the fit.

For example, if we increase gX (as would be case if divergent

sites affecting female fecundity were clustered on the X), and

assume that paternal X silencing is incomplete (affecting 80% of

the divergent sites), then the results, shown in the lower panel of

Figure 4 B, agree well with the data on Teleogryllus egg number,

as shown in the lower-left-hand panel (only the high fitness of

P2 × F112 is poorly predicted).

Further adjustments are possible, but these soon become ad

hoc, at least without further knowledge of the true nature of parent-

of-origin effects in Teleogryllus. The important point here is that
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Fisher’s geometric model explains several key features of these

hybrid data, while using only a single parameter derived from

the data themselves; and even this parameter ( fP2), was estimated

from the parental control lines.

ESTIMATING THE FITNESS SURFACE

Across a diverse collection of hybrids, equation (6) predicts that

the hybrid index will be under disruptive selection, and heterozy-

gosity under directional selection. This prediction can be tested

with datasets containing estimates of fitness, h and p12 for many

hybrid individuals. Exactly such an analysis was presented by

Christe et al. (2016), for families of wild hybrids from the forest

trees, Populus alba and P. tremula (Lindtke et al. 2012, 2014;

Christe et al. 2016). These authors scored survival over four

years in a common-garden environment, and fit a generalized

linear model to their binary data (binary logistic regression, with

“family” as a random effect), and predictors including linear and

quadratic terms in p12 and h. Model selection favored a four-term

model, with terms in p12, h, and h2 (see Table S6, and Supple-

mentary information of Christe et al. 2016 for full details). For

comparison with our theoretical predictions, we can write their

best fit model in the following form:

y = const + β0 (β1h (1 − β2h) − p12) (17)

where y is the fitted value for hybrid breakdown. In its gen-

eral form, equation (6) should hold and Fisher’s model predicts

that β0 > 0, 0 ≤ β1 ≤ 4, and 1
2

≤ β2 ≤ 2. Additionally if parental

maladaptation is not highly asymmetrical then it predicts β2 ≈ 1.

The best-fit model of Christe et al. (2016) corresponds

to β̂0 = 2.963, β̂1 = 2.777 and β̂2 = 0.934, which supports the

predictions of directional selection toward higher heterozygos-

ity, and near-symmetrical diversifying selection on the hybrid

index.

To obtain confidence intervals on these parameters, we fit

equation (17) to the raw data of Christe et al. (2016). We also

searched for other data sets, from which we could estimate

the hybrid fitness surface. After applying some quality controls

(see Methods and Table S2), we identified one other dataset of

wild hybrids, from the mouse subspecies Mus musculus muscu-

lus/domesticus, where male testes size was the proxy for fertility

(Turner and Harr 2014). We also found four datasets of con-

trolled crosses: F2 from the same mouse subspecies (White et al.

2011), and the ragworts Senecio aethnensis and S. chrysanthemi-

folius (Chapman et al. 2016); and the Drosophila backcrosses

discussed above (Macdonald and Goldstein 1999; Moehring et al.

2006a, 2006b). Unlike the data from wild hybrids, these single-

cross datasets leave large regions of the fitness surface un-

sampled (see Fig. 1); nevertheless, they each contain enough

variation in h and p12 for a meaningful estimation. Details of
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Figure 5. Best fit parameter estimates for the GLM of equa-

tion (17), with fitness and genomic data from six sets of hybrids

(see Table 1 for details). The upper panel shows estimates of the

coefficient β2 that determines the form of selection acting on the

hybrid index, h. Estimates of β2 = 1 are consistent with symmet-

rical diversifying selection. The lower panel show estimates of

the coefficient β1 that determine the relative strength of selec-

tion acting on the hybrid index. Estimates of β1 = 4 are predicted

when the parental types are well adapted (eq. 9), while estimates

0 < β1 < 4 are predicted when the parental types are maladapted

(eq. 6). Confidence intervals are defined as values that reduce the

AIC by 2 units. These measures of uncertainty were not obtained

for the F2 data, where variation in the hybrid index contributed

little to the model fit, as predicted by equation (13). Full details of

the model fitting are found in the Methods and Tables S5 and S6.

all six datasets are shown in Table 1, and they are plotted in

Figures S9–S11.

Figure 5 shows a summary of the estimated parameters, and

full results are reported in Tables S5 and S6, and Figures S9–S11.

Taken together, the results show good support for the predictions

of equation (6). For all six datasets there was evidence of signif-

icant positive selection on heterozygosity (β̂0 > 0 was preferred

in all cases). Furthermore, for all six datasets, we inferred di-

versifying selection acting on the hybrid index. Estimates of β2,

shown in the upper panel of Figure 5, show that this selection

was near-symmetrical in all cases, such that β̂2 ≈ 1. The poorest

fit to the predictions was found for the Drosophila backcrosses,

where estimates of β1 were significantly greater than the predicted

upper bound of β1 = 4 (Fig. 5 lower panel). But these datasets

were least suited to our purpose, because estimates of h and p12

depend strongly on our rough estimate of the relative contribu-

tions of the X and autosomes (see Methods), and because they lack
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F2-like genotypes, from the center of the fitness surface (Fig. 1

A; Fig. S11). By contrast, results for the Mus musculus F2 (White

et al. 2011), are remarkably close to the predictions of equation (9)

(Fig. 5; Fig. S10).

Two other features of the results deserve comment. First, for

the two F2 datasets, it was not possible to provide meaningful

confidence intervals for β1 and β2. This is because, for these two

datasets, the terms in h and h2 did not make a significant con-

tribution to model fit, and so the preferred model contained only

selection on p12 (see Table S6). This is consistent with our earlier

prediction of equation (13), and stems from the low variation in

4h(1 − h) among F2 hybrids (see Appendix 3 and Figs. S9 and

S10).

Second, for two of the datasets, Populus and Senecio, the

estimates of β1 are substantially lower than 4 (Fig. 5; Fig. S9). This

is suggestive of parental maladaptation, creating true heterosis in

the hybrids (see eq. 6). Consistent with this inference, there is

independent evidence of parental load and F1 hybrid vigor in

both species pairs (Populus: Caseys et al. 2015; Christe et al.

2017; Senecio: Abbott and Brennan 2014).

Discussion
In this article, we have used Fisher’s geometric model to de-

velop predictions for the relative fitness of any class of hybrid.

The modeling approach is simple, with few free parameters,

and it generates a wide range of testable predictions. We have

tested some of these predictions with new and published datasets

(Table 1), and the major predictions of the model are well sup-

ported.

We emphasize that our approach is designed for coarse-

grained patterns in the data, and typical outcomes of hybridiza-

tion, without considering the particular set of substitutions that

differentiate the parental lines, or the particular combination of

alleles in an individual hybrid. The limitations of such an ap-

proach are seen in the low r2 values associated with our model

fitting (Table S5). Nevertheless, our approach should enable novel

and complementary uses of genomic datasets, which do not de-

pend on identifying individual loci with anomalous effects. In this

approach, all alleles, and not just a handful of “speciation genes”

might contribute to hybrid fitness.

A second goal of the present work was to show how Fisher’s

model can interpolate between previous modeling approaches,

namely the classical theory of inbreeding (Wright 1922; Crow

1952), and models of genetic incompatibilities, each involving

a small number of loci (Dobzhansky 1937; Orr 1995; Gavrilets

2004; Welch 2004). We have also shown that Fisher’s model can

account for empirical patterns that each approach has struggled

to explain (Wright 1977; Moehring 2011; Moran et al. 2017).

Though we have stressed their similarities, we should also

stress that Fisher’s model and the model of incompatibilities re-

main different in two ways. First, as shown in Appendix 2, the

two models agree only when the dominance relations of incom-

patibilities take a particular set of values (eq. A36)—albeit a

biologically realistic set (Appendix 2; Turelli and Orr 2000).

Second, even when predictions are identical for the quantity f

(eq. 2), the two approaches still make different predictions for

other kinds of data, which were not considered in the present

work. The most important difference is the dependency of log

fitness on d , the genomic divergence between the species. Under

Fisher’s geometric model, the log fitness of hybrids declines with

−dα/2 (eqs. 1–2 and 5–6). By contrast, with the simplest models

of incompatibilities, log fitness declines with −dℓα/2 where ℓ is

the number of loci involved in each incompatibility (Orr 1995;

Welch 2004; Appendix 2, eq. A22). This is due to a snowball

effect, where the number of incompatibilities grows explosively

with dℓ. This is a genuine difference between the modeling ap-

proaches, although truly discriminatory tests may be difficult. For

example, it may not always be possible to distinguish between a

snowballing model with a low value of α (equivalent to strong

positive epistasis between incompatibilities), or a model where

α is higher, but where the number of “incompatibilities” does

not snowball, because they appear and disappear as the genetic

background changes (Welch 2004; Fraı̈sse et al. 2016b; Guerrero

et al. 2017; Kalirad and Azevedo 2017). Furthermore, Fisher’s

model can generate an “apparent snowball effect,” when intro-

gressed segments contain multiple divergent sites (Fraı̈sse et al.

2016b), and this is true of the strongest empirical demonstrations

of the effect (Matute et al. 2010; Moyle and Nakazato 2010; Wang

et al. 2015).

Finally, given the simplicity and flexibility of the modeling

approach explored here, and its predictive successes with a range

of data, it should be readily extendable to address other outstand-

ing questions in the study of hybridization. These include the puta-

tive role of hybridization in adaptive evolution (e.g., Mendez et al.

2012; Fraı̈sse et al. 2016b, 2016a; Duranton et al. 2017), the effects

of recombination in shaping patterns of divergence (Aeschbacher

et al. 2017; Schumer et al. 2018), the analysis of clines (Barton and

Gale 1993; Macholán et al. 2011; Baird et al. 2012), and the roles

of intrinsic versus extrinsic isolation (Chevin et al. 2014, Fig. S4).

Given its ability to interpolate between models of different and ex-

treme kinds, it should also be particularly useful for understanding

hybridization in intermediate regimes, where parental genomes

are characterized by both maladaptation and allelic coadaptation,

or where the architecture of isolation involves many genes of

small or moderate effect. Data—including those analyzed here—

suggest that such architectures might be quite common (Davis

and Wu 1996; Maside and Naveira 1996; Rosas et al. 2010;
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Morán and Fontdevila 2014; Baird 2017; Buerkle 2017; Boyle

et al. 2017).

Methods
Mytilus DATA

Conserved tissues from the mussel species, Mytilus edulis and

Mytilus galloprovincialis, and their hybrids, were retained from

the work of Bierne et al. (2002, 2006). As reported in those

studies, M. edulis from the North of France were crossed with

M. galloprovincialis from the French Mediterranean coast to pro-

duce F1 hybrids (five males and one female; Bierne et al. 2002).

The F1 were then used to produce an F2, and sex-reciprocal back-

crosses to M. galloprovincialis (which we denote here as BC12

and BC21; Bierne et al. 2006). In particular, oocytes from the F1

female were fertilized by the pooled sperm of the five F1 males

producing F2 individuals, from which 132 individuals were sam-

pled; oocytes from the F1 female were fertilized by pooled sperm

of five M. galloprovincialis males to produce BC12, from which

72 individuals were sampled; and five M. galloprovincialis fe-

males were fertilized by pooled sperm from the five F1 males,

producing BC21, from which 72 individuals were sampled. In ad-

dition to these hybrids, we also genotyped 129 individuals from

“reference” populations of the two species, found in regions with

relatively little contemporary introgression. In particular, we sam-

pled M. galloprovincialis from Thau in the Mediterranean Sea;

and sampled M. edulis from four locations in the North Sea and

English Channel (The Netherlands, Saint-Jouin, Villerville and

Réville). Full details of these reference populations are found in

Table S3.

In each case, gill tissues were conserved in ethanol at −20°C.

DNA was extracted using a NucleaMag 96 Tissue kit (Macherey-

Nagel) and a KingFisherTM Flex (ThermoFisher Scientific). We

then genotyped all samples for 98 Mytilus markers that were

designed from the data of Fraı̈sse et al. (2016a). The flanking se-

quences of the 98 SNPs are provided in Table S7. Genotyping was

subcontracted to LGC-genomics and performed with the KASPTM

chemistry (Kompetitive Allele Specific PCR, Semagn et al. 2014).

Results are shown in Figure S6. Many of the 98 markers are not

diagnostic for M. edulis and M. galloprovincialis, and so we re-

tained only the 43 that were scored as heterozygous in all six of the

F1 hybrids. To obtain a reduced set of strongly diagnostic mark-

ers, we measured sample allele frequencies in our pure species

M. edulis and M. galloprovincialis samples (pooling M. edulis

individuals across the four sampling locations; Table S3), and

retained only markers for which the absolute difference in allele

frequencies between species was > 90%. This yielded the set of

33 markers used for the right-hand columns in Table 2. The “sub-

sampled” data shown in the fourth column of Table 2, excluded

any BC hybrid who carried the major allele typical of M. edulis

in homozygous form. This yielded 56 BC hybrids. Because se-

quencing order was haphazard, to equalize the sample sizes, we

retained the first 56 F2 to be sequenced.

COLLATION OF PUBLISHED DATA

We searched the literature for published datasets combining mea-

sures of individual hybrid fitness, with genomic data that could

be used to estimate p12 and h. We rejected any datasets where the

measure of fecundity or fertility took an extreme low value for

one of the pure species, suggesting that it is not a good proxy for

fitness (e.g., Orgogozo et al. 2006), data where the fitness proxy

correlated strongly with a measure of genetic abnormality such as

aneuploidy (Xu and He 2011), or data where the states of many

markers could not be unambiguously assigned, for example, due

to shared variation. Before estimating the fitness surface, we also

excluded any dataset where there was a highly significant rank

correlation between the proportion of missing data in an individ-

ual, and either their heterozygosity, or fitness. For this reason,

we did not proceed with reanalyses of the excellent datasets of

Li et al. (2011), or Routtu et al. (2014) (see Table S2 for full

details). For our reanalysis of the Teleogryllus data of Moran

et al. (2017), we did not consider data from the second back-

cross, to avoid complications due to selection on heterozygosity

during the first backcross, and because of an anomalous hatching

rate in the T. oceanicus controls. For our reanalysis of the Mus

musculus F2 (White et al. 2011), we used a conservative subset

of these data; we excluded any individual where any X-linked

marker was scored as heterozygous (indicative of sequencing er-

rors in heterogametic males; White et al. 2011), and controlled

for variation in the uniparentally inherited markers, by retaining

only individuals carrying M. m. domesticus mitochondria, and the

M. m. musculus Y. However, results were little changed when

we used all 304 individuals with fertility data (Table S6). Results

were also unaffected when we used alternative proxies for fitness

(Table S6). For the wild Mus musculus hybrids data (Turner and

Harr 2014), fixed markers and their orientation between species

were determined using previously published data of Staubach

et al. (2012) and Yang et al. (2009). See details in the Dryad data

package.

ESTIMATION OF gX FROM ANNOTATED GENOMES

To fit the generalized linear models (GLM) to data from species

with XY sex determination (Table 1), we needed to account for the

different marker densities on the X and autosomes. Accordingly,

we estimated the overall values of p12 and h from equation (16).

We estimated the weightings, gX and gA, from the total length

of coding sequences associated with each chromosome type, ig-

noring the small contributions from the Y and mitochondria. In

each case, we obtained the longest protein product for each unique

gene, and then summed their lengths, using a custom R script. The
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gX values, shown in Table 1, were calculated as the total length of

X-linked CDS divided by the total CDS length. For Mus muscu-

lus, we used the reference genome assembly “GRCm38.p5.” For

Drosophila simulans, we used the assembly “GCA_000754195.3

ASM75419v2,” and for Drosophila yakuba “GCA_000005975.1

dyak_caf1.” For Drosophila pseudoobscura, the current annota-

tion was downloaded from FlyBase release 3.04 (Gramates et al.

2017). The .gtf file was then sorted and merged (combining over-

lapping coding sequences on each chromosome) using BEDTools

(Quinlan and Hall 2010). Coding sequence lengths were calcu-

lated and summed over each chromosome, using custom awk

commands.

GLM METHODS

The linear model results shown in Table 3, Figure 5, Tables S5 and

S6, and Figures S9–S11, were all fit in R v. 3.3.2 (R Core Team

2016). For datasets with quantitative fitness measures (White et al.

2011; Turner and Harr 2014; Fig. S10) we used the standard gen-

eral linear models, with Gaussian errors, and chose data transfor-

mations to reduce heteroscedasticity. For binary fitness data (Noor

et al. 2001; Christe et al. 2016; Chapman et al. 2016; Table 3;

Fig. S9), we used binomial regression with a logit link imple-

mented in the glm function; and with ordinal fitness data (Mac-

donald and Goldstein 1999; Moehring et al. 2006b; Fig. S11) we

used proportional odds logistic regression (Agresti 2003), imple-

mented in the polr function. In these cases, the P-values shown in

Table S6 were calculated by comparing the t-value to the upper

tail of normal distribution, as in a Wald test. For the non-Gaussian

models, we also report McFadden’s pseudo-r2, defined as one

minus the ratio of log likelihoods for the fitted and null models

(McFadden 1974).

DATA ARCHIVING

All data and analysis scripts have been deposited in the Dryad

repository (DOI: https://doi.org/10.5061/dryad.2hb2br7). Source code

used for the simulations is available here https://github.com/

alxsimon/Hybrid_fitness_Fisher_geometric_model.
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Appendix 1: The Brownian Bridge
Approximation
In this Appendix, we derive the Brownian bridge approximation

for the breakdown score of hybrid genotypes, under Fisher’s ge-

ometric model. The Appendix is in three parts. First, we state

our approximation without much justification. We will also as-

sume haploid genomics, which makes the approximation simpler

to explain, and also helps to draw connections with a previous

model of epistasis introduced by Barton and Gale (1993). In the

second section, we justify the approximation, by showing how it

relates to explicit models of genetic and phenotypic divergence.

We also show that the approximation is quite robust to varying

assumptions about the divergence process. Third, and finally, we

introduce the full, diploid version of the approximation, which is

used for the results in the main text.

Results with haploid genetics

In this section, and the following section, we will assume that the

parental species P1 and P2 are haploid. In this case, of course,

there is no heterozygosity (p12 = 0) and the hybrid index is h =
p2 = 1 − p1.

We can now consider the d substitutions that differentiate

P1 and P2 as a chain of vectors, in the n-dimensional phenotypic

space, which connect one of the parental phenotypes to the other.

Our approximation is to treat this path, on each of the n traits, as

describing a Brownian bridge, that is, a random walk constrained

at its start and end points (Revuz and Yor 1999, Ch. 1 for details).

This approximation will be justified by appealing to the random

combinations of alleles that appear together in hybrid genotypes

(see below).

To derive our approximation, let B(t) denote a Brown-

ian bridge, taking place over a single unit of time, and with

a rate σB . B(t) is normally distributed, with the following

mean:

E(B(t)) = (1 − t)B(0) + t B(1), 0 ≤ t ≤ 1 (A1)

where B(0) and B(1) are the fixed points at the beginning

and end of the walk. The covariance at two time points is

given by

Cov(B(t1), B(t2)) = σ2
B(1 − t2)t1, 0 ≤ t1 ≤ t2 ≤ 1 (A2)

(Revuz and Yor 1999, Ch. 1). For our purposes, the start and end

points of the walk are given by the trait values of the parental

lines, so that, for trait i , B(0) = zP1,i and B(1) = zP2,i . The total

length of the walk represents the complete path of d substitu-

tions, each with typical effect vi , so that σ2
B = dvi . Finally, to

determine the trait value for a hybrid carrying dh alleles that

come from P2, we just “stop” the random walk at the intermedi-

ate “time” h. As such, using equations (A1) and (A2), the trait

value zi will be a normal random variable with the following

properties:

zi ∼ N (µi , σ
2
i )

µi ≡ E(zi ) = (1 − h)zP1,i + hzP2,i (A3)

σ2
i ≡ Var(zi ) = dvi h(1 − h) (A4)

The expectations and variances in these expressions involve

two sorts of averaging. First, there is averaging over different

realizations of evolutionary process, that is, the different sets of

substitutions that might differentiate P1 and P2. Second, there is

averaging over the subset of substitutions that might appear in a

hybrid with a given value of h. Only this second averaging process

will apply to real datasets, and it helps to explain the connection

between our approximation and explicit models of divergence

(see below).
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To complete the results for haploidy, we note that the break-

down score, S, depends on the squared trait value (see eq. 4 of the

main text). From normal theory, we then have:

E
(

z2
i

)

= σ2
i + µ2

i (A5)

Var
(

z2
i

)

= 2σ2
i

(

σ2
i + 2µ2

i

)

(A6)

and so S will be approximately gamma distributed, with a mean

and variance given by the weighted sum of these quantities (see

also Rosas et al. 2010). The key quantity f , as defined in equa-

tion (2), is then found to be

f ≡
E(S)

E (S†)
=

d
∑n

i λivi h(1 − h) +
∑n

i λi

(

(1 − h)zP1,i + hzP2,i

)2

d
∑n

i λivi

= h(1 − h) + fmal (A7)

where

fmal =
∑

i λi

(

(1 − h)zP1,i + hzP2,i

)2

d
∑

i λivi

(A8)

The term fmal comes from the µ2
i in equation (A5), and

describes the contribution to hybrid breakdown from parental

maladaptation. The value of fmal depends on the relative positions

in phenotypic space of the two parental types. It is useful to

consider a few simple cases, which are summarized in Table S1,

and which we also use in the main text. First, let us consider

the case where maladaptation accrues independently in the two

parental lines. In this case, shown in Table S1b, we expect no

covariance between their phenotypic deviations, and so fmal is

just a weighted sum of the relative breakdown scores for the two

parental lines

fmal = (1 − h)2 fP1 + h2 fP2, zP1,i zP2,i = 0 (A9)

where fP1 =
∑

i λi z
2
P1/

∑

i λi dvi . The assumption of indepen-

dent maladaptation should apply to many real datasets, and so

equation (A9) is used in the main text, as the basis of equa-

tions (6)–(9) (see below for details). Independent maladaptation

need not apply in every case, however, and it might be the case

that P1 and P2 are identically maladapted, perhaps because of

a shared unsuitability to a lab environment. This case, however,

turns out to be comparable to the case with no parental adaptation.

As shown in Table S1c, when both parental phenotypes are sub-

optimal, but identical, all genotypes suffer an additional constant

contribution to their maladaptation. Finally, we can imagine a

case where the two populations tend to become maladapted in op-

posite directions, such that the midparental phenotype is optimal.

Results for this case are shown in Table S1d, but it is probably the

least realistic of the three scenarios.

When parental lines are well adapted, such that fmal ≈ 0,

then our haploid model is closely connected to a simple model

of epistasis introduced by Barton and Gale (1993). They provide

results for cline shape and linkage disequilibrium under this model

(Barton and Gale 1993; p. 18).

Comparison to simple models of divergence

The approximation introduced above includes only two fixed

points—the parental phenotypes—and ignores their common an-

cestor, and all of the intermediate steps in their divergence. Nev-

ertheless, we can be fairly confident that all of these intermediates

had reasonably high fitness. The reason it is possible to ignore

these intermediate steps is that mutations fix in a particular order

during divergence, but in hybrids, they appear in random com-

binations, due to recombination and segregation. This makes the

Brownian bridge approximation robust to a wide range of different

assumptions about population divergence.

In this section of the Appendix, we illustrate this point, and

explore the robustness of the approximation. For simplicity, we

continue to assume haploid genetics, and consider only one phe-

notypic trait (hence, we write zi = z throughout). We will also

limit ourselves to models with a low mutation rate, such that fix-

ations occur one at a time. Given this last assumption, we can

order the d fixations that differentiate P1 and P2 in a single chain,

starting at P1, and then going back in time to the most recent com-

mon ancestor, and then forwards in time again toward P2. This

is illustrated in Figure S1. We will denote as z( j), the trait value

in the j th step of this chain, such that z(0) is the trait value for

P1, and z(d) is the trait value for P2. Each genotype will contain

a different number of alleles from P2, and the hybrid index of

phenotype z( j) is simply h = j/d . Finally, the phenotypic effect

of the j th substitution in the chain is defined by

m j ≡ z( j) − z( j − 1) (A10)

Figure S1 illustrates these quantities.

Now, let us first consider the case where both populations

remain well adapted, or close to the optimum, throughout the

divergence process. We can then model the phenotype at step j

as a normal random variable.

z( j) ∼ N (0, v/2) (A11)

From equations (A10) and (A11), it follows that the effects

of neighboring substitutions in the chain will negatively covary,

implying that maladapted populations will tend to fix mutations

that return them closer to the optimum:

Cov(mi , m j ) =











v, i = j

−v/2, i = j ± 1

0, otherwise

(A12)
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Now let us consider the phenotype that contains dh alleles from

P2, namely z(dh). This phenotype can be written as the sum of

substitutional changes, starting from the initial P1 phenotype:

z(dh) = z(0) +
dh
∑

i=1

mi (A13)

We define the relative breakdown of this genotype as fh ≡
z2(dh)/(dv), and the expected value of this quantity is

E( fh) ≡
E(z2(dh))

dv
=

1

dv

[

Var(z(0)) + 2Cov

(

z(0),

dh
∑

i=1

mi

)

+ Var

(

dh
∑

i=1

mi

)]

=
1

dv

[

Var(z(0)) + 2Cov

(

z(0),

dh
∑

i=1

mi

)

+ dhVar (mi ) + 2
∑

i< j≤dh

Cov
(

mi , m j

)





=
1

2d
+ h

(√
2ρz(0),mi

+ 1

+ (dh − 1)ρmi m j

)

(A14)

where ρz(0),mi
is the average correlation between the initial P1

phenotype, and the effect of each substitution; and ρmi m j
is the

average correlation between each distinct pair of substitutions. Let

us first evaluate equation (A14) when the dh mutations are added

to the hybrid in the same fixed order that they appear in the chain

of fit intermediates (Fig. S1). In this case, from equation (A12),

only the first of the dh substitutions will covary with the initial

phenotype, and so we have ρz(0),mi
= −1/(

√
2dh). Similarly, each

substitution will only covary with its preceding and subsequent

substitutions, such that ρmi m j
= − 1

2

2(dh−1)

dh(dh−1)
= −1/(dh). As such,

when mutations are added in this fixed order, equation (A14)

yields:

E( fh) =
1

2d
= E( fP ) (A15)

So the expected breakdown of all genotypes, regardless of their

hybrid index, is equal to that of the parental lines. Equation (A15)

reflects the fact that each of these “hybrid” genotypes is one of

the fit intermediates, and all will be very fit compared to the

worst class of hybrid, unless the divergence, d , is very small.

This result can be contrasted with the result for real hybrids,

where segregation and recombination will bring together collec-

tions of alleles that fixed at different times. If the dh substitutions

in equation (A13) are chosen at random, without replacement,

from the complete set of d substitutions, then the correlation

terms in equation (A14) are both reduced by a factor h, reflecting

the fact that consecutive substitutions in the chain will only ap-

pear together with probability h. With ρz(0),mi
= −1/(

√
2d), and

ρmi ,m j
= −1/d , equation (A14) becomes

E( fh) = h(1 − h) + E( fP ) (A16)

Even without conditioning on the parental phenotypes, equa-

tion (A16) is now very close to the Brownian bridge approxima-

tion of equation (A7). This is illustrated in Figure S2a. In this

simulation run, the diverging populations remained close to the

optimum throughout (as indicated by the jagged black line). By

contrast, hybrids, which contain a randomized collection of al-

leles, can be very unfit on average (as shown by the smoother

black curves). Their expected deviation from the optimum is well

described by the Brownian bridge approximation (see colored

dotted lines, which show eq. A7). Because the maladaptation of

the parental lines is small, the analytical predictions are little af-

fected if we explicitly account for the observed maladaptation,

by calculating fmal from equation (A8) (see red dotted lines in

Fig. S2a), or if we ignore parental maladaptation altogether, by

setting fmal to zero (see blue dotted lines in Fig. S2a).

The model discussed above assumed that the effects of fixed

mutations were normally distributed (see eqs. A10 and A11 and

Fig. S2a), but the effect sizes of real substitutions might show

substantial deviations from normality. To investigate the effects of

nonnormal effect sizes, Figure S2b shows results when divergence

included a few substitutions of very large effect (simulated by

drawing the trait values, z(i), from a Cauchy distribution). The

results show that the Brownian bridge continues to give a very

good fit. This is because the approximation follows from robust,

central-limit-type behavior, and so it does not depend strongly on

the normality of the allelic effects.

The approximation is also robust if we assume more com-

plicated patterns of divergence. For example, Figure S2c shows

results where we have assumed that both populations adapted

independently to a shifting optimum. This was modeled by gen-

erating the z(i) from an Ornstein–Uhlenbeck process, where the

ancestral population (characterized by an intermediate value of

h), was strongly maladapted.

All of the examples above assume well-adapted parental

lines. By contrast, under strong inbreeding, or mutation accumula-

tion, divergence might be entirely maladaptive, with no tendency

for populations to revert to the optimum. To model this, we can

generate the allelic effects, mi , as uncorrelated normal variables,

starting from an optimal ancestral state. In this case, if we assume

that the parental lines each contain d/2 substitutions, then their

phenotypes are distributed as z(0), z(d) ∼ N (0, vd/2), such that

E( fP) = 1/2. As shown in Figure S2d, the Brownian bridge ap-

proximation remains accurate in this case. For a single trait, the

EVOLUTION LETTERS 2018 1 9

*?�TBi`2 9

kkN



ALEXIS SIMON ET AL.

accuracy does depend strongly on knowing the true parental trait

values (dotted red lines), and the approximation that uses their ex-

pected squared values (dotted blue lines) can be quite inaccurate.

Nevertheless, over multiple traits, we can expect the errors of this

approximation to cancel out. A clear feature of this approxima-

tion, is that the expected levels of breakdown are constant for all

haploid hybrids (the blue line in Fig. S2d is flat). This reflects the

fact that, without natural selection, both the parental lines, and all

possible hybrid genotypes are simply random assemblies of alle-

les, without any coadaptation. This echoes the result for diploids

with maximal parental maladaptation, where breakdown levels

depend solely on heterozygosity, and not on the hybrid index (see

eq. 8 and Fig. 2A).

Examples illustrated in Figure S2 use simple heuristic sim-

ulations, where the phenotypes z( j) were drawn from a known

distribution. In Figures S3 and S4 we show results when these

phenotypes were generated by explicit population genetic simu-

lations, including multiple phenotypic traits, and the appearance,

fixation, or loss of new mutations. The full simulation procedure

is described in Fraı̈sse et al. (2016b), but all simulations assumed

allopatric divergence between P1 and P2, haploid genomics, and

a low mutation rate, such that fixation or loss events could be

tracked one mutation at a time. In the simulations shown in

Figure S3, we began with a core set of parameters (Fig. S3a),

and then varied these one at a time. Specifically, we varied the

curvature of the fitness function, α, with a core set of parameters

(eq. 1; Fig. S3b), the size of the parental populations (Fig. S3c),

the total number of traits, n (eq. 4; Fig. S3d), and the shape

of the distribution of mutant effects (Fig. S3e). These different

parameter regimes led to very different levels of genetic diver-

gence between the parents (i.e., different values of d), and dif-

ferent distributions of fixed phenotypic effects. Nevertheless, the

Brownian bridge approximation remained very accurate in all

cases. Finally, we moved the phenotypic optima during the sim-

ulation, so that much of the divergence took place by positive

selection (see Fraı̈sse et al. 2016b; Fig. S3f). This sometimes led

to an increase in the variance in breakdown score (Fig. S3f),

but otherwise, the Brownian bridge approximation remained

accurate.

Figure S4 shows further simulations, where the optima can

move in discrete jumps (as in Orr 1998; Barton 2001). For

n = 2 traits, we compare divergence with a stable, fixed optimum

(Fig. S4a), optima that vary identically for the two diverging popu-

lations (Fig. S4b), and optima that move in different directions in

the environments experienced by P1 and P2 (Fig. S4c). These sce-

narios correspond, roughly, to mutation-order speciation via drift

(Fig. S4a) or selection (Fig. S4b), and to ecological speciation

(Fig. S4c), where reproductive isolation evolves as a byproduct

of adaptation to different environments (Mani and Clarke 1990;

Coyne and Orr 2004; Gavrilets 2004; Chevin et al. 2014).

When the optima can vary, we can also distinguish between

intrinsic reproductive isolation, which involves maladaptation in

traits that are under identical selection in all environments, and

extrinsic isolation, which involves maladaptation in traits whose

optima vary (Chevin et al. 2014). To illustrate this, the right-hand

columns in Figure S4 compare the breakdown caused by selection

on both traits, measured in the environment to which P1 has

adapted, and the breakdown due to one trait only, corresponding to

the vertical axis on the fitness landscapes, for which the optimum

never varies. This shows how the approach can be used to model

breakdown that is caused by the correlated effects of adaptation to

distinct environments (due to pleiotropy or linkage), even when

hybrid fitness is measured in a benign environment, where these

divergent selection pressures do not apply.

Extension to diploidy

In this final section of the Appendix, we extend the results above

to diploid genetics, as described in the main text. In this case, we

must explicitly consider heterozygosity, p12, and the hybrid index

must include contributions from both homozygous and heterozy-

gous alleles: h = p2 + p12/2.

To apply the Brownian bridge approximation to diploidy, we

will assume that the chain of random vectors applies to alleles in

their heterozygous state. Because all mutations are assumed to be

additive on the phenotype, this means that the random walk, which

begins at the phenotype of P1, will now end at the midparental

phenotype, instead of the phenotype of P2. It also means that, to

deal with alleles that appear in homozygous state, some sections

of the walk must be counted twice. In particular, we need to study

the following quantity:

Bdip(t1, t2) ≡ B(t1 + t2) + B(t1) − B(0) (A17)

where B(·) is a Brownian bridge, as described in equations (A1)

and (A2) above. From these equations, we find:

E(Bdip(t1, t2)) = (1 − 2t1 − t2)B(0) + (2t1 − t2)B(1) (A18)

Var(Bdip(t1, t2)) = Var(B(t1 + t2)) + Var(B(t1))

+ 2Cov(B(t1), B(t1 + t2))

= σ2
B{(t1 + t2)(1 − t1 − t2)

+ t1(1 − t1) + 2(1 − t1 − t2)t1}

= σ2
B{t2(1 − t2) + 4t1(1 − t1 − t2)} (A19)

For our diploid problem, we start the walk at the P1

phenotype: B(0) = zP1,i , but end it at the midparent B(1) =
(zP1,i + zP2,i )/2. The total walk length is σ2

B = d vi , just as with
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haploidy, but now vi is understood as the typical effect of an allele

in heterozygous state. Finally, we take the intermediate “times” as

t1 = p2 (this section of the walk is counted twice, to account for

homozygous alleles), and t2 = p12 (this section is counted once,

to account for heterozygous alleles). This results in

zi ∼ N (µi , σ
2
i )

µi ≡ E (zi ) = (1 − 2p2 − p12)zP1,i + (2p2 + p12)
zP1,i + zP2,i

2

= (1 − h)zP1,i + hzP2,i (A20)

σ2
i ≡ Var (zi ) = dvi (p12(1 − p12) + 4p1 p2)

= dvi (4h(1 − h) − p12) (A21)

We note that equation (A20) is identical to the haploid re-

sult of equation (A3). This shows that, once the hybrid index is

correctly defined, all of the results concerning parental maladap-

tation (as shown in eqs. A8 and A9 and Table S1) apply equally

to diploids and haploids. Combining equations (A20)–(A21) with

equations (A5)–(A6), and equation (A9), leads directly to the

diploid results shown in the main text.

The only other difference to note is that maladaptive diploid

substitutions now contribute a possible 22vi = 4vi to the trait

variance. This implies that highly maladapted parents, who have

fixed ∼ d/2 such mutations, will have a breakdown score of

E(SP) ∼ d
2

4
∑n

i λivi , such that E( fP) = 2 under diploidy (as op-

posed to E( fP) = 1/2 under haploidy). The diploid result is used

in the main text, to explore data from highly inbred lines of Zea

mays.

Appendix 2: Fisher’s Model and
Dobzhansky-Muller Incompatibilities

In this Appendix, we show that a major prediction of Fisher’s

geometric model, assuming well-adapted parents (eq. 9), can also

be derived from a model of genetic incompatibilities, each involv-

ing a small number of loci. Such models stem from the classic

work of Dobzhansky 1937 and have been important in the study

of speciation genetics (Fraı̈sse et al. 2014; Orr 1995; Turelli and

Orr 2000; Gavrilets 2004; Welch 2004; Demuth and Wade 2005;

Fraı̈sse et al. 2016b). We begin by introducing the model in general

form, and then explore different ways of assigning the parameters,

which determine the contribution of individual incompatibilities

to the overall level of breakdown.

A general model of incompatibilities

Following Orr (1995), let us assume that certain combinations

of alleles, at ℓ ≤ d of the divergent loci, can be intrinsically

incompatible, while all other combinations confer high fitness.

By assumption, the pure species genotypes, and their ancestral

states, must be fit, but all other combinations have a fixed proba-

bility εℓ of being incompatible.

The worst class of hybrid will contain all of the possible

incompatibilities, and so its expected breakdown score will be

proportional to the expected number of incompatibilities. This

was calculated by Welch (2004, eqs. 1–2):

E(S†,I ) ∝ εℓ

(

d

ℓ

)

(2ℓ − ℓ − 1) (A22)

Here, and below, we use the subscript I to indicate a model

of incompatibilities. To derive f I (eq. 2), we note that hybrids

will have higher fitness when some of the incompatibilities are

absent from their genomes (Turelli and Orr 2000). The probability

that an incompatibility is present depends on how many of the ℓ

loci are heterozygous. For a genotype comprising i loci that are

homozygous for the P1 allele, j loci homozygous for the P2 allele,

and k loci that are heterozygous, the probability required is:

πi jk =
2k − u(i) − u( j)

2ℓ − 2
, with u(x) =

{

0 if x > 0

1 i f x = 0
(A23)

which is the proportion of the possible combinations of heterospe-

cific alleles that are present in an “i jk” genotype.

Incompatibilities may also have reduced effects due to reces-

sivity, when their negative effects are masked by the presence of

alternative, compatible alleles (Turelli and Orr 2000). To model

this, we introduce the free parameter si jk , which is the expected

increase in breakdown when an incompatibility appears in an

i jk genotype. Finally, in a hybrid genome characterized by p1,

p2, and p12, the trinomial expansion of (p1 + p2 + p12)ℓ, tells

us how many ℓ-locus genotypes of each type it is expected to

contain. Putting these together, we have

f I =
∑

i+ j+k=ℓ

(

ℓ

i, j, k

)

pi
1 p

j

2 pk
12πi jksi jk (A24)

where
(

ℓ

i, j, k

)

≡
ℓ!

i! j!k!

Equations (A23) and (A24) extend results with ℓ = 2 and

ℓ = 3 from Turelli and Orr (2000), and represent a general model

of breakdown caused by incompatibilities. A notable feature of

these equations is their large number of free parameters. Even with

symmetry between P1 and P2 (such that si jk = s j ik), we will still

require a total of ⌊ℓ(1 + ℓ/4)⌋ different si jk values to specify the

model (i.e., three extra parameters for two-locus incompatibilities,

five parameters for three-locus incompatibilities etc.). There is

good empirical evidence for, at least, two-, three-, and four-locus

incompatibilities (Fraı̈sse et al. 2014), and so with the si jk and the
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εℓ, the full model would depend on at least 17 free parameters. By

contrast, equation (9), from Fisher’s geometric model, has no free

parameters. The incompatibility-based model is therefore much

more flexible, but also much more difficult to explore.

In the following section, we examine different ways of as-

signing the si jk . We will show that a particular set of values

make the model identical to Fisher’s geometric model (eq. 9). We

will also follow Turelli and Orr (2000), and show that these val-

ues are biologically plausible, given well-established empirical

patterns, and especially Haldane’s Rule (see Haldane 1922 and

Appendix 4).

The dominance relations of incompatibilities

Let us begin by assigning the following functional form for the

si jk :

si jk ∝
(

1

2

)δk

(A25)

where below, we will use a constant of proportionality such that

si jk = (1/2)δk · 2(2ℓ − 2), to simplify the final results. In equa-

tion (A25), the parameter δ allows us to tune the dominance of

incompatibilities, measured in terms of breakdown score, rather

than fitness.

When δ = 1, then each heterozygous locus halves the effects

of incompatibility. This is equivalent to assuming that incompati-

bilities act multiplicatively, since each heterozygous locus halves

the number of times that the incompatible combination of alleles

is present in the genome. The si jk under multiplicative selection

(δ = 1) are illustrated by the green points in Figure S5.

To determine the predictions of this model, let us substitute

equation (A25) into equation (A24), and set δ = 1. After some

algebra, we find:

f I = 2
[

1 −
(

p2 + 1
2

p12

)ℓ −
(

p1 + 1
2

p12

)ℓ
]

, δ = 1 (A26)

≡ 2
[

1 − hℓ − (1 − h)ℓ
]

, δ = 1 (A27)

= 4h(1 − h), ℓ = 2, δ = 1 (A28)

where h is the hybrid index (eq. 3). As such, when incompat-

ibilities act multiplicatively, breakdown will depend solely on

the hybrid index, and not on the heterozygosity. When pairwise

incompatibilities are considered (eq. A28), the model becomes

equivalent to the haploid version of Fisher’s geometric model

(see eq. A7), and also to the model of Barton and Gale (1993).

More importantly, equation (A28) predicts that breakdown

should not change between the F1 and F2 crosses (both of which

have h = 1
2
), and that homogametic F1 will have the highest pos-

sible breakdown score. As such, this multiplicative model cannot

predict hybrid breakdown between the F1 and F2, nor Haldane’s

Rule, and both patterns have widespread empirical support (see

Table A1 of Fraı̈sse et al. 2016b).

Now let us consider another extreme assumption. We assume

that incompatibilities are fully recessive, such that no breakdown

appears unless all incompatible alleles appear in homozygous or

hemizygous form. We model this by making δ very large, such

that si jk = 0 unless k = 0. These values are illustrated by the red

points in Figure S5. With the assumption of complete recessivity,

we find:

f I = 2
[

(p1 + p2)ℓ − pℓ
1 − pℓ

2

]

, δ → ∞ (A29)

= 4h(1 − h) − 2p12 + p2
12, ℓ = 2, δ → ∞ (A30)

Equation (A29) also fails to predict Haldane’s Rule, unless

there is substantial uniparental inheritance from both the male

and female parents (see Appendix 4). This is because f I = 0 if

p1 p2 = 0, and so both male and female F1 will have identical

and optimal fitness. For similar reasons, equation (A29) predicts

that the fitness of heterogametic backcrosses will decrease with

p12,A, and this prediction is not supported by the relevant data

(Moehring 2011).

We have shown that both extreme regimes (no recessivity,

and complete recessivity) yield unsupported predictions. But what

values of δ are biologically plausible? To answer this question,

let us consider Haldane’s Rule under an incompatibility-based

model, and ignoring uniparental inheritance. Assuming that males

are heterogametic, Haldane’s Rule will hold when

f I,F1♂ > f I,F1♀ (A31)

(see Appendix 4). If we use gX and 1 − gX to denote the propor-

tions of the parental divergence that is found on the X and auto-

somes (as in eq. 16 of the main text), then using equations (A24)

and (A25), equation (A31) is found to be equivalent to:

(

2(1 − gX ) + 2δgX

)ℓ

− (1 − gX )ℓ −
(

1 − gX + 2δgX

)ℓ

> 2ℓ − 2 (A32)

This condition is most difficult to satisfy when incompat-

ibilities involve two loci (ℓ = 2), and in this case, we find the

solution:

δ > ln

(

2 − gX

1 − gX

)

/ ln(2). (A33)

The value of δ that is required to yield Haldane’s Rule will

therefore increase with gX . Toward the limit of the biologically

plausible range, when two-thirds of the between-species diver-

gence is X-linked (gX = 2/3) Haldane’s Rule will hold only if

δ > 2. As such, setting δ = 2, such that each heterozygous locus

reduces the breakdown score by a factor of four, will yield Hal-

dane’s Rule in most cases. The si jk values from equation (A25)

with δ = 2 are shown as yellow points in Figure S5. Another
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feature of the model with δ = 2 is that it produces parameter

dependencies that are very close to those predicted by Fisher’s

geometrical model (see also Manna et al. 2011). The similarity is

clearest with two-locus incompatibilities, where we find

f I =
(

1

2

)δ−2

p12

(

1 − p12

[

1 −
(

1

2

)δ
])

+ 4p1 p2, ℓ = 2 (A34)

= 4h(1 − h) − p12 +
1

4
p2

12, ℓ = 2, δ = 2 (A35)

Comparing equation (A35) to equation (9), shows that f I ≈ f

when we use equation (A25) with δ = 2.

We can then go further, and find a set of si jk values that yield

exactly the same dependencies as Fisher’s model. To do this, we

set f I = f , using equations (9) and (A24), and then solve for the

si jk . After some algebra, we find

si jk =
(ℓ − k)ℓ − (i − j)2

ℓ(ℓ − 1)πi jk

(A36)

These values are shown as blue points in Figure S5. Equa-

tion (A36) looks unwieldy, and it was derived solely to make

the models agree. Nevertheless, it embodies biologically plausi-

ble assumptions about incompatibilities. First, the similarities be-

tween the blue and yellow points in Figure S5 show that Fisher’s

model corresponds to the assumption of partial recessivity, at lev-

els sufficient to produce Haldane’s Rule. Second, equation (A36)

states that incompatibilities will have stronger effects when alle-

les from both parental species appear in homozygous state. For

example, if the three alleles ABc form an incompatibility (with

upper and lower case letters distinguishing alleles from P1 and

P2), then equation (A36) predicts that the genotype Aa/BB/cc

(with i jk = 111) will tend to have lower fitness than the geno-

type AA/BB/Cc (with i jk = 201) even though both genotypes

contain the incompatibility, and both comprise two homozygous

loci and one heterozygous locus.

This section has shown that Fisher’s geometric model implies

assumptions about “incompatibilities,” that yield well supported

predictions. However, it remains true that the full incompatibility-

based model (eqs. A22–A24) is much more flexible. While that

model is very parameter rich, the results above also suggest a

family of models that might combine the flexibility and simplicity.

When we assume only pairwise incompatibilities (ℓ = 2), then

equations (A28), (A30), (A35), and the result from Fisher’s model

(eq. 9), are all special cases of

f = 4h(1 − h) + (2 fhet − r − 2)p12 + (1 + r − fhet)p2
12 (A37)

where fhet is the breakdown experienced by the global heterozy-

gote (the genotype with p12 = 1), and r is the rate of change in

breakdown with p12.

Appendix 3: Segregation and
Recombination

In this Appendix, we consider the effects of segregation and

recombination on the expected levels of breakdown. For a recom-

binant cross, such as the F2 or backcross, p12 and h might vary

between individuals, and so we must treat f as a random variable.

To see this, let us write equation (9) as

f = 4h(1 − h) − p12

= p12(1 − p12) + 4p1 p2

= p12 − p2
12 + 4p1 − 4p2

1 − 4p1 p12 (A38)

and so its expected value is:

E( f ) = p̄12(1 − p̄12) + 4 p̄1 p̄2 − Var(p12) − 4(Var(p1)

+ Cov(p12, p1)) (A39)

where overbars represent expected values. The variances and co-

variances in equation (A39) will depend on the distribution of

the divergence across the genome, and on patterns of segregation

and recombination. However, we can derive simple and useful

predictions if we assume that the divergence is equally distributed

among m freely recombining regions. In this case, we can use

results from a multinomial distribution.

Var(p12) =
p̄12(1 − p̄12)

m
(A40)

Var(p1) =
p̄1(1 − p̄1)

m
(A41)

Cov(p12, p1) = −
p̄1 p̄12

m
(A42)

These results also apply to estimators from m independently segre-

gating markers. As an example, let us compare the first backcross

and the F2, in a population with strictly biparental inheritance.

For the first backcross, we have p̄12 = 1
2

and p1 p2 = 0, and so

E( fBC1) =
1

4

(

1 −
1

m

)

(A43)

For the F2, we have p̄12 = 1
2

and p̄1 = p̄2 = 1
4
, and so

E( fF2) =
1

2

(

1 −
1

m

)

= 2E( fBC1) (A44)

and so the predicted breakdown in the F2 is always double that

of the first backcross. By the same method, we can also calculate

the variance of f , but this requires higher order moments of the

multinomial distribution (Newcomer et al. 2008), and this can

yield lengthy expressions. However, the following results for the
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F2 are required to justify the approximation of equation (13) from

the main text.

E(4h(1 − h)) = 1 −
1

2m
≈ 1, p̄12 =

1

2
, p̄1 =

1

4
(A45)

Var(4h(1 − h)) =
2m − 1

4m3
≈

1

2m2
, p̄12 =

1

2
, p̄1 =

1

4
(A46)

Comparing equation (A46) to equation (A40) shows that

most of the variance in F2 breakdown will be due to variation in

heterozygosity.

Appendix 4: Predictions of Fisher’s
Geometric Model with Sex-Specific
Inheritance
In this Appendix, we will develop some predictions of Fisher’s ge-

ometric model, after relaxing the assumption of strictly biparental

inheritance. These results justify claims in the main text, and also

provide analytical support for some assertions in Fraı̈sse et al.

(2016b).

Additional notation and basics

As described in the main text, the basic strategy for incorporating

sex-specific inheritance is to write the genome-wide measures

as weighted sums of contributions from loci of different types.

For example, if we have a system with an X chromosome and

autosomes, and a subset of loci that are strictly maternally or

paternally inherited, then we could write:

p12 = gX p12,X + gA p12,A + g♀ p12,♀ + g♂ p12,♂

p1 = gX p1,X + gA p1,A + g♀ p1,♀ + g♂ p1,♂

p2 = gX p2,X + gA p2,A + g♀ p2,♀ + g♂ p2,♂

h = gX h X + gA h A + g♀ h♀ + g♂ h♂ (A47)

where gX + gA + g♀ + g♂ = 1. The weightings will vary with

the proportion of the divergence found at loci of each type, and

with the typical effect sizes of the fixed differences. Following

equation (3), the hybrid index for the X chromosome, can also be

written as

h X = p2,X +
p12,X

2
(A48)

and similarly for the other quantities. Here, as in the main text, we

have assumed an XO system, such that females are homogametic,

and males heterogametic. However, the equations are flexible

enough to model a range of biological situations. For example,

haplodiploidy might be modeled by setting gX = 1, and the uni-

parentally inherited loci (included via g♀ and g♂) might include

the Y (or W) chromosome, organelles, selectively silenced re-

gions of the X (or Z), or other imprinted loci (Turelli and Moyle

2007).

With sex-specific inheritance, we also require assumptions

about sex-specific selection, and this can be incorporated in sev-

eral ways (Connallon and Clark 2014; Fraı̈sse et al. 2016b). For

example, sexual conflict can be modeled by assuming that there

are differences in the optimal trait values for each sex (Connallon

and Clark 2014). Alternatively, we could assume that some subset

of the traits is under selection in only one sex, for example traits

involved in spermatogenesis or oogenesis (Wu and Davis 1993;

Coyne and Orr 2004). Finally, we could assume that sexes are

under identical selection, which will usually require assumptions

about dosage compensation (see below and Fraı̈sse et al. 2016b).

Patterns in the F1: Haldane’s rule

and asymmetry

This section presents results for the initial F1 cross (P1 × P2),

and particularly the findings of Haldane’s Rule, and parental sex

asymmetry (Haldane 1922; Turelli and Orr 2000; Turelli and

Moyle 2007; Fraı̈sse et al. 2016b).

Haldane’s Rule applies to offspring of different sexes, in

species with chromosomal sex determination. It states that, when

F1 breakdown is stronger in offspring of one sex, it will tend to be

the heterogametic sex (Haldane 1922; Turelli and Orr 2000). Pre-

vious authors have noted that Fisher’s model predicts this pattern

(Barton 2001; Fraı̈sse et al. 2016b; Schiffman and Ralph 2017),

and here, we extend this insight to give formal conditions for Hal-

dane’s Rule. We will assume identical selection in both sexes, and

that pure-species individuals of both sexes have the same fitness.

This implies a form of dosage compensation, such that X-linked

alleles have identical effects in homozygous or hemizygous state

(Mank et al. 2011; Fraı̈sse et al. 2016b). Assuming an XO or XY

system, we expect greater breakdown in the heterogametic (male)

sex on the condition that:

fF1♀ < fF1♂. (A49)

In homogametic females, all divergent sites on the X and

autosomes will be heterozygous, such that p12 = gA + gX , while

by definition, uniparentally inherited loci will come from one

parent alone, such that p1 p2 = g♀g♂. In heterogametic males,

by contrast, only autosomal sites will be heterozygous, such that

p12 = gA, and X-linked sites will be hemizygous and maternally

inherited, such that p1 p2 = (g♀ + gX )g♂. Putting these results

together with equation (6), and using

� ≡ g♀ − g♂ (A50)
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to denote the difference in the contributions of exclusively mater-

nally and paternally inherited sites, we find:

fF1♀ = g♀ + g♂ − �2 + fP♀
(1 + �)2

4
+ f

P♂
(1 − �)2

4
(A51)

=
fP♀ + fP♂

4
, g♀, g♂ = 0 (A52)

fF1♂ = g♀ + g♂ + gX − (� + gX )2 + fP♀
(1 + � + gX )2

4

+ fP♂

(1 − � − gX )2

4
(A53)

= gX (1 − gX ) + (1 + g2
X )

fP♀ + fP♂

4

+ gX

fP♀ − fP♂

2
, g♀, g♂ = 0 (A54)

where we have used fP♀ and fP♂ to denote the initial maladap-

tation of the maternal and paternal lines used to make the F1. We

can now combine equations (A49)–(A54) to give formal condi-

tions for Haldane’s Rule. We find that the heterogametic sex will

tend to show more breakdown if

0 < gX < g∗
X (A55)

where

g∗
X ≡ 2

2 − �(4 − ( fP♀ + fP♂)) + fP♀ − fP♂

4 − ( fP♀ + fP♂)
(A56)

= 1 − 2�, fP♀, fP♂ = 0 (A57)

= 2
1 − �(2 − fP)

2 − fP

, fP♀ = fP♂ ≡ fP (A58)

=
4 − 2 fP♂

4 − fP♂

, �, fP♀ = 0 (A59)

Several observations follow from the results above. First,

the conditions for Haldane’s Rule are always harder to satisfy as

� increases, and so, from equation (A50), the presence of loci

with exclusively maternal inheritance makes Haldane’s Rule less

likely, while paternal inheritance makes it more likely. Second,

Haldane’s Rule is usually more likely when the parental lines

are maladapted. This is an effect of heterosis, that is an intrinsic

advantage to heterozygosity, because the homogametic sex will

tend to be more heterozygous. Third, the sole exception to this

pattern is where the paternal line is much less fit than the maternal

(i.e., if fP♂ ≫ fP♀ as in eq. A59). In this case, Haldane’s Rule

is less likely, because male F1 carry less of the unfit paternal

genome.

The patterns above also clarify the broader role of uni-

parental effects in determining F1 fitness (Fraı̈sse et al. 2016b).

For example, when there is no strictly uniparental inheritance,

such that g♀, g♂ = 0, then the homogametic F1 will always

be fitter than the average of the parental lines (eq. A52). By

contrast, when uniparental inheritance is present (eq. A51), then

the relative breakdown remains roughly constant. This implies

that the absolute breakdown score will decline steadily with d ,

the genetic divergence between the parental lines (see eqs. 2

and 5). As such, Fisher’s model requires uniparental inheritance

to explain the observation of an “F1 speciation clock” (Edmands

2002; Fraı̈sse et al. 2016b). This also helps to determine to the

conditions for rare exceptions to Haldane’s Rule (as observed,

e.g., in Teleogryllus Moran et al. 2017). We predict such ex-

ceptions only when uniparentally inherited loci act on traits that

are subject to selection only in the homogametic sex (Fraı̈sse

et al. 2016b).

Uniparental inheritance is also required, by definition, to

explain another widespread phenomenon: the strong asymmetry

in fitness between the reciprocal F1, that is male–female versus

female–male crosses of the same species pair (Turelli and Moyle

2007; Fraı̈sse et al. 2016b). Such asymmetry is found even in

species without sex chromosomes, or even separate sexes, and

so it cannot be connected to Haldane’s Rule in any rigid sense

(Bouchemousse et al. 2016; Fraı̈sse et al. 2016b). The results

above (eqs. A51–A54) predict such asymmetry only in special cir-

cumstances: when there are uniparental effects of different sizes

(� �= 0), and parental lines with different levels of maladaptation

( fP♂ �= fP♀). These are the assumptions that we used to analyze

the Teleogryllus data of Moran et al. (2017) (see below). How-

ever, the observations of F1 asymmetry are very widespread, and

apply even to species pairs that are both well adapted (Turelli and

Moyle 2007; Fraı̈sse et al. 2016b). The reason for this apparent

discrepancy is that the present work considers the expected break-

down, conditioned only on the levels of parental maladaptation

( fP♀ and fP♂), and so expectations for the reciprocal F1 must be

identical when fP♂ = fP♀. If, by contrast, we condition on the

phenotypic effects of uniparentally inherited alleles, then Fisher’s

geometric model can account for the asymmetries observed; this

was demonstrated by Fraı̈sse et al. (2016b).

Patterns in backcrosses

In this section, we provide further details of the analyses of back-

cross data. These include the male backcrosses from Drosophila

(Noor et al. 2001; Macdonald and Goldstein 1999; Moehring et al.

2006a, 2006b), that were reanalyzed by Moehring (2011), and the

female backcrosses from Teleogryllus presented by Moran et al.

(2017). In both cases, the data come from hybrids of a single sex,

and the fitness traits are components of fertility that are plausibly

sex-specific (i.e., spermatogenesis and oogenesis; see Table 1).
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As such, we treat the predictions of Fisher’s geometric model as

applying to a single sex.

The Drosophila data (Macdonald and Goldstein 1999;

Noor et al. 2001; Moehring et al. 2006a, 2006b) come from

three pairs of reciprocal backcrosses. The species pairs are D.

simulans/sechellia (Macdonald and Goldstein 1999); D. san-

tomea/yakuba (Moehring et al. 2006a, 2006b); and D. pseu-

doobscura/persimilis (Noor et al. 2001). In all three cases, the

crosses can produce sterile hybrids, and so it is safe to assume

that the parental lines are well adapted, compared to the worst

possible class of hybrid, so that we can derive predictions from

equation (9). Our analyses will also neglect loci with exclusively

uniparental inheritance, because they do not qualitatively alter

the predictions in this case. With these assumptions, as noted

by Moehring (2011), hybrids can be characterized by two mea-

sures of “heterospecificity,” namely, the autosomal heterozy-

gosity, p12,A, and the hybrid index of the X, h X . All datasets

scored fertility in each hybrid fly as a binary, or ordinal trait (see

Table 1), and so Moehring (2011) asked whether fertility prob-

lems varied systematically with p12,A and h X . She found, in all

six crosses, that backcross fertility problems correlated strongly

and positively with h X , but correlations with p12,A were weak and

inconsistent. This is shown in Figure S7, and Table 3 of Moehring

(2011). To show how Fisher’s geometric model might account for

these patterns, we can write equation (9) as

fBC♂ = 4h(1 − h) − p12

= p12(1 − p12) + 4p2 p1

= a(1 − a) + 4x(1 − x − a)

= a − a2 + 4x − 4x2 − 4ax (A60)

where

a ≡ (1 − gX )p12,A

x ≡ gX h X (A61)

Figure S8a depicts the fitness surface of equation (A60) as

a function of x and a. Each dataset of hybrid males could oc-

cupy a rectangular region of this surface, as determined by the

its value of gX , and this is how the data are plotted in Figure S7.

The regions also correspond to a region of Figure 1 C, compris-

ing the parallelogram delimited by the dotted horizontal line and

the two arrows. From annotated Drosophila genomes, we esti-

mated that gX = 0.17 might characterize the simulans/sechellia

and yakuba/santomea pairs, and that gX = 0.37 might character-

ize the pseudoobscura/persimilis pair (Table 1; see Methods for

details). The regions of parameter space for these values of gX are

marked on Figure S8a, while panels b-e show slices through the

fitness surface for these values. In both cases, breakdown increases

steadily with h X , except in the improbable case that the recombi-

nant autosomes were completely heterozygous (Fig. S8b–c). This

is consistent with the positive correlations observed by Moehring

(2011). By contrast, the dependencies on p12,A (Fig. S8d–e) vary

in sign. This is consistent with the lack of consistent correlations

with p12,A observed by Moehring (2011) (Fig. S7). Figure S8e

also shows how, when gX is large, the correlations with p12,A re-

verse in sign, for extreme values of h X . Figure S7e–f shows how

the data of Noor et al. (2001) divide naturally into individuals with

high, medium and low values of h X , and together, this explains

the rationale of the test presented in Table 3.

To analyze the female backcross data of Moran et al. (2017)

for Teleogryllus, we used equation (10), which assumes that P1

is well adapted, while P2 is maladapted. We also assume that a

proportion π of the paternal X chromosome is silenced. In this

case, the quantities p12 and h are calculated without considering

silenced alleles, because these make no contribution to the phe-

notype. This rich dataset contains a wide variety of cross types,

and so the full predictions for all of the relevant hybrids are listed

in Table S4.
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Supporting Information
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Figure S1: A schematic representation of a phenotype evolving over time in two populations, labeled P1 and P2, starting from their most recent common

ancestor (MRCA).

Figure S2: The breakdown associated with haploid hybrid genotypes, under simple models of phenotypic divergence.

Figure S3: The breakdown associated with haploid hybrid genotypes, under explicit population genetic simulations of phenotypic divergence.

Figure S4: The breakdown associated with haploid hybrid genotypes, under explicit population genetic simulations of phenotypic divergence, in scenarios

involving discrete jumps in the optimal value for one of n = 2 traits.

Figure S5: The effects of an incompatibility on hybrid breakdown score, si jk (eq. 41), when the incompatibility appears in a genotype comprising i loci

that are homozygous for alleles from one parental species, j loci that are homozygous for alleles from the other parental species, and k loci that are

heterozygous.

Figure S6: Genotype plot for the raw Mytilus data.

Figure S7: Plots of the Drosophila male backcross data reanalyzed here (see Table 1 and Moehring 2011).

Figure S8: Predictions of Fisher’s geometric model for heterogametic male hybrids.

Figure S9: Estimation of the fitness surface for interspecific hybrids from plants (Table 1), namely wild hybrids of the genus Populus (row (a); Christe

et al. 2016), and an F2 cross of the genus Senecio (row (b); Chapman et al. 2016).

Figure S10: Estimation of the fitness surface for subspecific hybrids from Mus musculus (Table 1, White et al. 2011; Turner and Harr 2014).

Figure S11: Estimation of the fitness surface for backcross male hybrids from Drosophila species pairs (Table 1, Macdonald and Goldstein 1999; Moehring

et al. 2006a, b).

Table S1: The contribution of parental maladaptation to hybrid breakdown.

Table S2: Checks for appropriateness for genomic data sets.

Table S3: The reference populations for Mytilus crosses.

Table S4: Expected breakdown scores for homogametic female hybrids with paternal X silencing.

Table S5: Inferring the hybrid fitness surface from genomic data sets.

Table S6: The significance of individual regression coefficients.

Table S7: Information on the 98 markers used for the Mytilus genotyping.
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Figure S1: A schematic representation of a phenotype evolving over time in two populations, labeled
P1 and P2, starting from their most recent common ancestor (MRCA). The populations differ by d
substitutions. Each red dot represents the value of the phenotypic trait after each substitution, z(i).
The changes in phenotype, due to allelic substitutions, are denoted mi (eq. 27), and are shown as blue
arrows. These changes can be ordered in time, starting from the extant population P1, and going back
in time to their common ancestor (here arbitrarily placed at z(4)), and then forward again in time to
population P2. In haploids, the value of the hybrid index at each point in the chain, is the proportion of
P2 alleles that the genotype contains, i.e., h = i/d for phenotype z(i). In real hybrids between P1 and
P2, the substituted alleles may appear in random combinations due to segregation and recombination.
The expected phenotype of such a hybrid can be found by randomizing the order of the mi, and then
locating the point in the chain with the required hybrid index, h. When their order is randomized, the
chain of phenotypic changes can approximate a Brownian bridge between the parental phenotypes.
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Figure S5: The effects of an incompatibility on hybrid breakdown score, sijk (eq. 41), when the incom-
patibility appears in a genotype comprising i loci that are homozygous for alleles from one parental
species, j loci that are homozygous for alleles from the other parental species, and k loci that are het-
erozygous. The four panels show values for incompatibilities involving ℓ = 2, 3, 4 and 5 loci. Values
are compared when incompatible combinations have multiplicative effects (green points; eq. 42 with
δ = 0), when incompatibilities are wholly recessive (red points; eq. 42 with δ → ∞), and when they
show partial recessivity at a level sufficient to generate Haldane’s Rule (eq. 42 with δ = 2; and treating
hemizygous loci as equivalent to homozygous loci). Also shown are values assigned according to eq. 53
(blue points), which exactly reproduce the dependencies predicted by Fisher’s geometric model with
well adapted parents (eq. 9). Shown on the horizontal axis are the ijk values, and below, are example
diploid genotypes, with upper and lower case letters used to distinguish alleles from the two parental
lines, P1 and P2. Vertical dotted lines group genotypes with the same level of heterozygosity (i.e., the
same value of k).
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Table S2: Checks for appropriateness for genomic data sets

Hybridization N #markers Cross Fitness measure, w p0: mean (sd) ρw,p0 (p-val) ρp12,p0 (p-val) Reference
Mytilus edulis/galloprovincialis 132 43 F2 - 0.034 (0.074) - 0.244 (0.005**) This study

144 43 BC1 - 0.019 (0.045) - 0.302 (0.0002***) This study
Senecio aethnensis/chrysanthemifolius 64 966 F2 Necrotic/Healthy 0.013 (0.014) 0.145 (0.253) 0.273 (0.029*)§ Chapman et al. 2016
Mus musculus musculus/domesticus 185 14,220 WH Testes weight 0.012 (0.006) -0.099 (0.181) 0.039 (0.595) Turner and Harr 2014
Mus musculus musculus/domesticus 310 182 F2 Prop. abnormal sperm 0.030 (0.046) 0.056 (0.329) -0.071 (0.215) White et al. 2011
Daphnia magna Germany/Finland 353 1324 F2 Fecundity (N = 193) 0.124 (0.092) 0.138 (0.056) -0.206 (<10-4**) Routtu et al. 2014
Medicago sativa falcata/caerulea 152 103 F2 Binary survival 0.158 (0.146) -0.511 (<10-9**) -0.125 (0.124) Li et al. 2011
Saccharomyces cerevisiae/paradoxus 89 93 F2 Growth rate 0.080 (0.067) -0.571 (<10-8**) - Xu and He 2011

Notes: * p < 0.05; ** p < 0.01;*** p < 0.001. p0 is the proportion of markers with missing data for each individual. For the data of White et al. (2011) this was
calculated for autosomal markers only, while for the data of Xu and He (2011) it was defined as the proportion of loci scored as heterozygous, because for these
haploid spores, heterozygotes must represent sequencing error, or aneuploidy. ρ and p-val are from Spearman’s rank correlation tests. ρw,p0 is the correlation
between fitness and the proportion of missing data; ρp12,p0 is the correlation between the proportion of sites with missing data, and the proportion scored as
heterozygous. § this correlation is attributable to two outlying points. All other details match Table 1.
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Table S3: The reference populations for Mytilus crosses

Species Location N Latitude Longitude

Mytilus galloprovincialis Thau, France 22 43.412268 3.691788
Mytilus edulis The Netherlands 22 53.31 5.424

Saint-Jouin, Normandy, France 27 49.643953 0.152643
Villerville, Normandy, France 29 49.399352 0.116054
Réville, Normandy, France 29 49.5746667 -1.2293333333

Table S4: Expected breakdown scores for homogametic female hybrids with paternal X silencing

Hybrid Cross (♀×♂) E (p12) E (p1) E (p2) E (h) f ; p12 = E (p12) , h = E (h)
Parental P1 × P1 0 1 0 0 0

P2 × P2 0 0 1 1 fP2

F1 F112 = P1 × P2 1 − πgX πgX 0
1−πgX

2 πgX − π2g2
X + (1−πgX)

2

4 fP2

F121 = P2 × P1 1 − πgX 0 πgX
1+πgX

2 πgX − π2g2
X + (1+πgX)

2

4 fP2

BC to P1 P1 × F112
1−gX

2
1+gX

2 0
1−gX

4
1−g2

X
4 + (1−gX)

2

16 fP2

F112 × P1
1−πgX

2
1
2

πgX
2

1+πgX
4

1−π2g2
X

4 + πgX + (1+πgX)
2

16 fP2

F121 × P1
1−πgX

2
1
2

πgX
2

1+πgX
4

1−π2g2
X

4 + πgX + (1+πgX)
2

16 fP2

P1 × F121
1−(2π−1)gX

2
1+(2π−1)gX

2 0
1−(2π−1)gX

4
1−(2π−1)2g2

X
4 + (1−(2π−1)gX)

2

16 fP2

BC to P2 P2 × F121
1−gX

2 0
1+gX

2
3+gX

4
1−g2

X
4 + (3+gX)

2

16 fP2

F121 × P2
1−πgX

2
πgX

2
1
2

3−πgX
4

1−π2g2
X

4 + πgX + (3−πgX)
2

16 fP2

F112 × P2
1−πgX

2
πgX

2
1
2

3−πgX
4

1−π2g2
X

4 + πgX + (3−πgX)
2

16 fP2

P2 × F112
1−(2π−1)gX

2 0
1+(2π−1)gX

2
3+3(2π−1)gX

4
1−(2π−1)2g2

X
4 + (3+(2π−1)gX)

2

16 fP2

Notes: All expected breakdown scores were calculated from eq. 10, which assumes that parental species
P1 is optimal, while P2 may be maladapted with breakdown fP2 ≥ 0. 0 ≤ gX ≤ 1 denotes the proportion
of the divergence that is located on the X chromosome; and 0 ≤ π ≤ 1 denotes the proportion of
the parental X chromosome that is silenced. The quantities p12, p1, p2 and h are calculated without
considering silenced alleles on the paternal X, because these make no contribution to the phenotype.
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Table S5: Inferring the hybrid fitness surface from genomic data sets

Hybridization N Response variable β0 β1 β2 r2 AIC

Populus 137 Binary: Survival [0] - - [0] 104.75
alba/tremula 5.33 [4] [1] 0.129 93.485

12.44 2.229 [1] 0.225 85.647

11.66 2.279 1.028 0.228 87.293

Senecio F2 64 Binary: Necrotic/Healthy [0] - - [0] 73.979
aethnensis/chrysanthemifolius 6.13 [4] [1] 0.0857 69.807

6.54 1.797 [1] 0.0940 71.210
6.42 1.963 1.065 0.0951 73.136

Mus musculus ♂ 185 -log(testes weight) [0] - - [0] 140.39
musculus/domesticus 0.82 [4] [1] 0.0638 130.19

0.75 4.425 [1] 0.0645 132.06
0.83 4.622 0.888 0.1090 125.04

Mus musculus F2♂ 213 log(prop. abnormal sperm) [0] - - [0] 465.09
musculus/domesticus 2.22 [4] [1] 0.0480 456.62

2.23 3.430 [1] 0.0481 458.60
2.23 3.933 0.968 0.0486 460.48

Drosophila BC1♂ 1099 Ordinal: Motile sperm [0] - - [0] 2702.84
yakuba/santomea 12.95 [4] [1] 0.1928 2186.39

12.24 4.347 [1] 0.1960 2179.90
12.51 4.413 0.986 0.1986 2174.87

Drosophila BC1♂ 400 Ordinal: Sperm quantity [0] - - [0] 679.57
simulans/sechellia 13.24 [4] [1] 0.1816 558.89

11.68 5.006 [1] 0.2022 546.97
11.45 5.314 0.945 0.2541 513.90

Notes: r2 is the proportion of the variance explained, or McFadden’s pseudo-r2 for ordinal or binary
data. AIC: Akaike Information Criterion, with favored model in bold. Parameter values that were not
estimated, but fixed at their null or theoretically predicted values are shown in square brackets.
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Table S6: The significance of individual regression coefficients

Hybridization N Response variable intercept h h2 p12 r2 AIC

Populus 137 Binary: Survival -2.63† 8.229** -7.685** -2.963** - -
-1.831 26.564** -27.301*** -11.600*** 0.228 -

Senecio F2 64 Binary: Necrotic/Healthy -0.863 12.606 -13.430 -6.422* 0.095 73.14
1.714 - - -5.959* 0.088 69.62

Mus musculus 185 -log(testes weight) -2.732 3.816*** -3.388*** -0.8256** 0.109 -
1-(testes weight)/max(testes weight) 0.106 1.612*** -1.400*** -0.339* 0.106 -

Mus musculus F2 213 log(prop. abnormal sperm) -2.881 8.749 -8.466 -2.225** 0.049 460.48
-0.691 - - -2.150** 0.045 457.20

212 -sqrt(density of normal sperm) -3.992 10.159 -9.378 -3.404** 0.048 649.41
-1.320 - - -3.348** 0.045 645.99

305 log(prop. abnormal sperm) -2.498 6.811 -6.533 -3.340*** 0.037 655.00
-0.773 - - -1.929** 0.035 652.76

Drosophila yak/sant 1099 Ordinal: Motile sperm - 55.646*** -54.478*** -12.514*** 0.199 -
Drosophila sim/sech 400 Ordinal: Sperm quantity - 60.899*** -57.551*** -11.461*** 0.254 -

Notes: * p < 0.05; ** p < 0.01;*** p < 0.001. r2 is the proportion of the variance explained by the regression, or McFadden’s pseudo-r2 for
binary or ordinal regressions. AIC: Akaike Information Criterion, used for comparing the fit of different sized models to the same data.
† Results reproduced from Christe et al. (2016), including “family” as a factor.
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Table S7: Information on the 98 markers used for the Mytilus genotyping. Flanking sequences are
provided in an annex file Mytilus_markers_flanking_sequences.csv. Contigs listed here can be ob-
tained on the MytilusDB website (http://www.scbi.uma.es/mytilus/index.php, Fraïsse et al. 2016a),
with the exception of TranscriptomeGalloConcat.

Marker name SNP Contig Position
001-C10081_p1314 [A/T] Contig10081_GA36A 1314
002-C10366_p321 [A/G] Contig10366_GA36G 321
007-C14012_p60 [A/T] Contig14012_GA36H 60
009-C14115_p131 [A/T] Contig14115_GA36B 131
015-C17324_p1089 [A/G] Contig17324_GA36A 1089
017-C17424_p75 [A/T] Contig17424_GA36H 75
022-C20739_p355 [A/T] Contig20739_GA36B 355
023-C23526_p649 [A/T] Contig23526_GA36A 649
026-C23582_p410 [A/G] Contig23582_GA36B 410
027-C23612_p1166 [C/T] Contig23612_GA36D 1166
034-C26709_p350 [A/T] Contig26709_GA36B 350
035-C27467_p175 [C/T] Contig27467_GA36B 175
036-C2959_p251 [A/G] Contig2959_GA36D 251
040-C33286_p476 [A/G] Contig33286_GA36C 476
043-C3749_p849 [A/T] Contig3749_GA36A 849
045-C39969_p416 [A/G] Contig39969_GA36B 416
047-C40145_p294 [A/C] Contig40145_GA36A 294
049-C42467_p335 [C/T] Contig42467_GA36A 335
050-C42717_p722 [C/T] Contig42717_GA36B 722
052-C44265_p303 [C/T] Contig44265_GA36C 303
055-C4715_p1037 [A/C] Contig4715_GA36B 1037
059-C54420_p784 [A/G] Contig54420_GA36A 784
061-C6231_p1094 [A/C] Contig6231_GA36B 1094
062-C63342_p1271 [A/T] Contig63342_GA36B 1271
063-C73535_p928 [A/C] Contig73535_GA36A 928
064-C73872_p884 [C/T] Contig73872_GA36D 884
067-C77511_p1253 [A/C] Contig77511_GA36A 1253
070-C7841_p713 [A/G] Contig7841_GA36D 713
071-C81364_p839 [A/G] Contig81364_GA36B 839
073-C8592_p1593 [A/T] Contig8592_GA36D 1593
076-C9105_p949 [A/G] Contig9105_GA36D 949
080-C96364_p474 [A/G] Contig96364_GA36A 474
082-C9777_p612 [C/G] Contig9777_GA36C 612
083-gi_385288268 [A/C] gi_385288268_emb_Contig56466 1072
085-gi_212815835 [A/C] gi_212815835_gb_GE749068 643
088-gi_223020458 [A/C] gi_223020458_gb_FL493225 306
092-gi_223022294 [C/T] gi_223022294_gb_FL494235 300
094-gi_223025780 [C/T] gi_223025780_gb_FL490738 366
098-gi_238643554 [G/T] gi_238643554_gb_Contig12266 389
099-gi_238644156 [A/C] gi_238644156_gb_Contig35188 123
106-gi_261362848 [A/G] gi_261362848_gb_M12A_cDNA4 139
115-gi_384113217 [C/T] gi_384113217_emb_HE609130 794
117-gi_38635427 [C/G] gi_38635427_emb_AJ609591 80
124-gi_387154968 [A/C] gi_387154968_emb_HE609112 131
126-gi_387154971 [A/G] gi_387154971_emb_Contig4866 1908
127-gi_387154976 [C/T] gi_387154976_emb_HE609129 229
128-gi_387155337 [A/G] gi_387155337_emb_HE610079 1120
138-abyss_C1219_p217 [A/T] H_L1_abyss_Contig1219 2176
142-abyss_C1506_p145 [A/G] H_L1_abyss_Contig1506 1455

*?�TBi`2 9

k8j



143-abyss_C1671_p375 [A/G] H_L1_abyss_Contig1671 3759
144-abyss_C216_p1703 [A/C] H_L1_abyss_Contig216 1703
145-abyss_C216_p5751 [A/T] H_L1_abyss_Contig216 5751
147-abyss_C244_p6092 [A/G] H_L1_abyss_Contig244 6092
148-abyss_C255_p3048 [A/G] H_L1_abyss_Contig255 3048
152-abyss_C426_p2707 [C/T] H_L1_abyss_Contig426 2707
155-abyss_C477_p4647 [A/T] H_L1_abyss_Contig477 4647
159-abyss_C783_p5373 [A/G] H_L1_abyss_Contig783 5373
160-abyss_C783_p5440 [A/G] H_L1_abyss_Contig783 5440
161-abyss_C898_p188 [C/T] H_L1_abyss_Contig898 188
162-abyss_C906_p1084 [G/T] H_L1_abyss_Contig906 1084
164-abyss_C906_p3592 [G/T] H_L1_abyss_Contig906 3592
166-soap_C1072_p3271 [A/T] H_L1_soap_Contig1072 3271
180-soap_C254_p1675 [G/T] H_L1_soap_Contig254 1675
184-soap_C3118_p4466 [A/G] H_L1_soap_Contig3118 4466
187-soap_C3422_p3286 [A/T] H_L1_soap_Contig3422 3286
189-soap_C3422_p5193 [A/G] H_L1_soap_Contig3422 5193
190-soap_C3470_p5286 [A/G] H_L1_soap_Contig3470 5286
196-soap_C415_p534 [A/G] H_L1_soap_Contig415 534
200-M_L03_soap_C100 [A/G] M_L03_soap_Contig100 6168
202-L02_mira_C1_p242 [C/T] R_L02_mira_Contig1 2420
206-R_L04_newbler_C0 [C/T] R_L04_newbler_contig00002 5658
209-R_L10-14_mira_C1 [A/G] R_L10-14_mira_Contig1 16260
210-R_L21_newbler_C1 [G/T] R_L21_newbler_Contig1 18611
211-R_L22_mira_C11 [G/T] R_L22_mira_Contig11 5294
409-gi_223026752 [A/G] gi_223026752_gb_Contig46241 515
502-abyss_C1118_p395 [T/C] H_L1_abyss_Contig1118 3954
505-abyss_C723_p2319 [T/C] H_L1_abyss_Contig723 2319
508-soap_C2331_p1911 [A/G] H_L1_soap_Contig2331 1911
601-COIII [C/T] mitochondria -
602-Efa1_e4 [A/T] R_L02_mira_Contig1 6232
603-mac1 [C/T] gi_5114427_gb_Port34a 2372
604-Efa2_e6 [A/C] R_L02_mira_Contig1 6232
605-loc035_id423_p15 [T/A] TranscriptomeGalloConcat 1593146
606-loc043_id1047_p3 [G/A] TranscriptomeGalloConcat 3639171
607-loc049_id1314_p3 [T/C] TranscriptomeGalloConcat 3833043
610-loc094_id166_p10 [A/G] TranscriptomeGalloConcat 10850806
614-gi387155337_p1342 [GGAA/TGAT] gi_387155337_emb_HE610079 1342
615-gi387155337_p1866 [A/G] gi_387155337_emb_HE610079 1866
617-loc359_id5887_p8 [T/C] TranscriptomeGalloConcat 89998577
618-loc392_id32_p101 [C/T] TranscriptomeGalloConcat 101064357
701-C116849_p267 [A/T] Contig116849_GA36C 267
702-gi_223023995 [A/T] gi_223023995_gb_FL493336 177
703-gi_384113199 [A/C] gi_384113199_emb_Contig12194 4203
712-L08_soap_C64_p20 [A/G] M_L08_soap_Contig64 20
801-C6813_GA36C_p732 [C/T] Contig6813_GA36C 732
802-C9777_GA36C_p1086 [C/T] Contig9777_GA36C 1086
803-C22777_GA36A_p300 [C/T] Contig22777_GA36A 300
900-GLU3 [CAATATTAAGTG/ gi_961463_dbj_D63778 2261

TCATATAAAGCT]
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*2ii2 i?ĕb2 � T2`KBb /2 T`Q/mB`2 mM D2m /2 /QMMû2b b�Mb T`û+û/2Mi bm` H2 +QKTH2t2 /Ƕ2bTĕ+2b

2M ?ûKBbT?ĕ`2 MQ`/X GǶ2Mb2K#H2 /2b +?�TBi`2b- �BMbB [m2 [m2H[m2b T`QD2ib �MM2t2b-

QMi T2`KBb /2 ;ûMQivT2` Rk je9 BM/BpB/mb bm` /2b aLSb BM7Q`K�iB7bX S�`KB +2b BM/BpB/mb- R99

QMi ûiû bûH2+iBQMMûb TQm` āi`2 bû[m2M+ûb URk ;ûMQK2b Tm#HBûb QMi Tm v āi`2 �DQmiûb :2`/QH

2i �HX kyRNVX

*2 ;`Qb D2m /2 /QMMû2b- 2M i2`K2 /2 MQK#`2 /ǶBM/BpB/mb �M�Hvbûb 2i /2 `ûT�`iBiBQM ;ûQ;`�@

T?B[m2- /QMM2 mM2 BK�;2 MQmp2HH2 ¨ +2 +QKTH2t2 /Ƕ2bTĕ+2b K�`BM2b- [m2 HǶQM +QKT`2M/ b2mH2@

K2Mi 2M `2;�`/�Mi HǶ2Mb2K#H2 /2b /QMMû2b U6B;m`2 8XRVX GǶ�m;K2Mi�iBQM /2 HǶ2zQ`i /Ƕû+?�M@

iBHHQMM�;2- bm`iQmi TQm` H2b 2bTĕ+2b 2i - MQmb 7�Bi `û�HBb2` [mǶBH

2tBbi2 mM2 +QMiBMmBiû 2Mi`2 H2b /Bzû`2Mi2b HB;Mû2b /m +QKTH2t2X "B2M [m2 HǶû+?�MiBHHQMM�;2 bQBi

HBKBiû 2Mi`2 +2`i�BM2b TQTmH�iBQMb- bm`iQmi TQm` [mB MǶûi�Bi T�b HǶ2bTĕ+2 +2Mi`�H2

/2 +2ii2 i?ĕb2- MQmb TQmpQMb T2Mb2` [m2 H2b i`�MbBiBQMb MǶv bQMi T�b KQBMb +QMiBMm2bX G2 +QK@

TH2t2 /Ƕ2bTĕ+2b `2T`ûb2Mi2 mM 2Mb2K#H2 /2 TQBMib /�Mb H2 T`Q+2bbmb /2 bTû+B�iBQM-

TmBb[mǶBH +QKT`2M/ THmbB2m`b ûi�T2b- THmbB2m`b MBp2�mt /2 /Bzû`2M+B�iBQM 2i /ǶBbQH2K2Mi `2T`Q@

/m+iB7 , H2 MBp2�m /2 HǶ2bTĕ+2- H2b /Bzû`2M+B�iBQMb 2Mi`2 #�bbBMb Q+û�MB[m2b 2i H2b /Bzû`2M+B�iBQMb

TQTmH�iBQMM2HH2b �m b2BM /2 +?�[m2 HB;Mû2X

*2ii2 +QM+HmbBQM b2K#H2 T`ûb2Mi2` mM T�`�/Qt2 2Mi`2 HǶQ#b2`p�iBQM /2 xQM2b /Ƕ?v#`B/�iBQM

[mB T�`�Bbb2Mi bi�#H2b 2i T2m T2`Kû�#H2b 2Mi`2 H2b /Bzû`2Mi2b 2bTĕ+2b /2 bTTX- 2i mM2

+QMiBMmBiû 2ti`āK2K2Mi BKTQ`i�Mi2 2Mi`2 H2b +Hmbi2`b /2 ;ûMQivT2bX ZmǶ2bi@+2 [mB K�BMiB2Mi

�HQ`b /2b 2MiBiûb bTû+B}[m2b �m b2BM /m +QKTH2t2 \ S2mi@āi`2 [m2 H� `ûbQHmiBQM /2 +2 T�`�/Qt2

`ûbB/2 /�Mb H2 7�Bi [mǶBH 2tBbi2 mM2 KmHiBim/2 /2 b+ûM�`BQb TQbbB#H2b ¨ H� `2M+QMi`2 2Mi`2 /2mt

HB;Mû2b /Bp2`;2Mi2b- 2i [m2 H� +QMiBMmBiû Q#b2`pû2 2bi H2 7`mBi /2 H� +QMiBM;2M+2 /2b +QMi�+ib-

`2KTHBbb�Mi H2 bT2+i`2 /2b `ûbmHi�ib /Ƕ�/KBtim`2 2M /Bzû`2Mib 2M/`QBibX
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*2ii2 i?ĕb2 b2 p2mi āi`2 mM TQBMi /2 `û7û`2M+2 /�Mb HǶûim/2 /2 HǶBMi`Q/m+iBQM /2b KQmH2b

/2b /Q+FbX .2 MQK#`2mb2b +QMM�Bbb�M+2b `2bi2Mi 2M+Q`2 ¨ `2+m2BHHB` bm` +2 KQ/ĕH2- TmBb[m2

MQi`2 i`�p�BH MǶ� 2tTHQ`û [m2 H2b pQH2ib /2 H� ;ûMûiB[m2 2i /2b /Bbi`B#miBQMb bT�iB�H2bX J�H;`û

+2H�- bǶBH 7�HH�Bi +H�bb2` H2b KQmH2b /2b /Q+Fb /�Mb H� ivTQHQ;B2 /2b 2bTĕ+2b BMp�bBp2b �p2+

MQb +QMM�Bbb�M+2b �+im2HH2b U6B;m`2 9 c "H�+F#m`M 2i �HX kyRRV- H2 MBp2�m KBMBK�H b2`�Bi *j-

BX2X [m2 Ŀ H2b BM/BpB/mb bm`pBp2Mi /�Mb H� M�im`2 �m TQBMi /ǶBMi`Q/m+iBQM- b2 `2T`Q/mBb2Mi 2i

7Q`K2Mi mM2 TQTmH�iBQM �miQ@bm{b�Mi2 ŀX .2 THmb- bB HǶQM +QMbB/ĕ`2 H2b [m2H[m2b BM/BpB/mb

TQ`im�B`2b `2i`Qmpûb ¨ HǶ2tiû`B2m` /2b TQ`ib- HǶûi�#HBbb2K2Mi /ǶmM2 TQTmH�iBQM /�Mb HǶ2bim�B`2

/2 HǶúHQ`M /�Mb H� `�/2 /2 "`2bi- �BMbB [m2 H2b /Bzû`2Mib TQ`ib +QMbiBim�Mi bȿ`2K2Mi /ûD¨ /2b

/BbT2`bBQMb b2+QM/�B`2b- H2 bi�imi TQm``�Bi āi`2 /�p�Mi�;2 bmTû`B2m` 2i TQm``�Bi �HH2` Dmb[mǶ�m

MBp2�m K�tBKmK 1- BX2X Ŀ mM2 2bTĕ+2 +QKTHĕi2K2Mi BMp�bBp2- �p2+ /2b BM/BpB/mb /BbT2`b�Mi-

bm`pBp�Mi 2i b2 `2T`Q/mBb�Mi /�Mb /2b bBi2b KmHiBTH2b �p2+ mM bT2+i`2 THmb Qm KQBMb BKTQ`i�Mi

/Ƕ?�#Bi�ib 2i �B`2b /ǶQ#b2`p�iBQM ŀX

G2 TQBMi +QM+2`M�Mi H� bm`pB2 /�Mb H� M�im`2 T2mi B+B āi`2 /û#�iimX "H�+F#m`M 2i �HX UkyRRV

miBHBb2Mi H� /BbT2`bBQM 2i H� `2T`Q/m+iBQM /�Mb H� M�im`2 Ui2`K2 miBHBbûV /�Mb THmbB2m`b

MBp2�mt /2 H2m` +H�bbB}+�iBQMX *QM+2`M�Mi H2b KQmH2b /2b /Q+Fb- H� ;`�M/2 K�DQ`Biû /2b BM/BpB/mb

QMi ûiû û+?�MiBHHQMMûb /�Mb /2b KBHB2mt �Mi?`QTBbûb Qm bm` /2b bi`m+im`2b �Mi?`QTB[m2b 2M

/2?Q`b /2b TQ`ibX AH +QMpB2Mi /QM+ /2 b2 /2K�M/2` ¨ H� 7QBb bB H� +H�bbB}+�iBQM BM+Hm2 H2b KBHB2mt

�Mi?`QTBbûb +QKK2 H2b TQ`ib /�Mb H� +�iû;Q`B2 ǴM�im`2HbǴ UBX2X MQM �`iB}+B2HbV 2i bB H2b KQmH2b

/2b /Q+Fb T2mp2Mi Q++mT2` /2b MB+?2b /m KBHB2m M�im`2HX G2 +�`�+iĕ`2 �/KBtû /2b KQmH2b /2b

/Q+Fb MQmb `2MpQB2 ¨ 1X �M/2`bQM URN93V [mB MQi�Bi [m2 H2b T2`im`#�iBQMb 2MpB`QMM2K2Mi�H2b

Qmp`�B2Mi mM 2Mb2K#H2 /2 MB+?2b [mB TQm``�B2Mi āi`2 THmb �/�Tiû2b �mt ?v#`B/2b [mǶ¨ H2m`b

T�`2MibX .�Mb +2`i�BMb +�b- 1HHbi`�M/ 2i a+?B2`2M#2+F UkyyyV i`Qmp2Mi [m2 H2b ?v#`B/2b bQMi

T`2b[m2 2t+HmbBp2K2Mi T`ûb2Mib /�Mb /2b KBHB2mt �v�Mi bm#B /2b T2`im`#�iBQMb �Mi?`QTB[m2bX

G2b KQmH2b /2b /Q+Fb QMi@2HH2b mM �p�Mi�;2 /�Mb mM 2MpB`QMM2K2Mi �Mi?`QTBbû \ aQMi@2HH2b

�/�Tiû2b ¨ +2i 2MpB`QMM2K2Mi \ .B{+BH2 /2 `ûTQM/`2 b�Mb /2b 2tTû`B2M+2b /2 i`�MbTH�Mi�iBQM

¨ H� 7QBb /2 KQmH2b /2b /Q+Fb 2M /2?Q`b /2b TQ`ib U[mB TQb2`�B2Mi /2b T`Q#HĕK2b ûi?B[m2bV

K�Bb �mbbB /2 KQmH2b M�iBp2b /�Mb H2b TQ`ibX G2b TQTmH�iBQMb [mB TQm``�B2Mi āi`2 miBHBbû2b TQm`

+2ii2 [m2biBQM b2 i`Qmp2Mi /�Mb H� `�/2 /2 "`2bi- TmBb[m2 HǶQM i`Qmp2 ¨ H� 7QBb /2b KQmH2b

M�iBp2b 2i /2b KQmH2b /2b /Q+Fb 2M bvKT�i`B2 /�Mb H2b KBHB2mt �Mi?`QTBbûb- K�Bb û;�H2K2Mi

/2b KQmH2b /2b /Q+Fb 2M /2?Q`b /m TQ`i +QKK2`+B�H /2 "`2bi 2i /2b K�`BM�bX GǶ�p�Mi TQ`i /m

>�p`2 2bi �mbbB mM2 xQM2 /2 +Q@2tBbi2M+2 /2b KQmH2b /2b /Q+Fb �p2+ H2b M�iBp2bX .Ƕ�T`ĕb CX GX

GQ+FrQQ/ 2i �HX UkyRj- +?�TBi`2 8V- +QMi`�B`2K2Mi ¨ +2 [mB 2bi bQmp2Mi �/KBb 2M #BQHQ;B2 /2b

BMp�bBQMb- H2b T2`im`#�iBQMb �Mi?`QTB[m2b M2 7QMi T�b 7Q`+ûK2Mi T2M+?2` H� #�H�M+2 2M 7�p2m`

/2b 2bTĕ+2b MQM M�iBp2bX *2T2M/�Mi- BHb TQbimH2Mi [m2 /�Mb mM iQmi MQmp2H 2MpB`QMM2K2Mi

�Mi?`QTBbû D�K�Bb `2M+QMi`û T�` H2b 2bTĕ+2b M�iBp2b- /2b 2bTĕ+2b BMi`Q/mBi2b T2mp2Mi �pQB` mM
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�p�Mi�;2 bûH2+iB7X .�Mb H2 +�b /2b KQmH2b- BH 2bi ûpB/2Mi [m2 H� +QHQMBb�iBQM /2b TQ`ib MǶ2bi T�b

mM2 +�`�+iû`BbiB[m2 mMB[m2 �mt KQmH2b /2b /Q+Fb TmBb[mǶQM v `2i`Qmp2 /2b BM/BpB/mb M�iB7b- 2i

[m2 +2`i�BMb TQ`ib MQM BKT�+iûb U2X;X G� _Q+?2HH2V bQMi +QHQMBbûb T�` X J�H;`û +2H�-

BH `2bi2 /B{+BH2 /2 b�pQB` bB H2b TQ`ib 2Mp�?Bb +QKK2 *?2`#Qm`; Qm G2 >�p`2 �#`Bi�B2Mi /2b

KQmH2b M�iBp2b �p�Mi HǶ�``Bpû2 /2b KQmH2b /2b /Q+FbX

�BMbB- MQmb `û�HBbQMb [mǶBH MQmb K�M[m2 mM pQH2i û+QHQ;B[m2 bm` H2b KQmH2b /2b /Q+Fb- K�Bb

û;�H2K2Mi bm` H2b 2MpB`QMM2K2Mib TQ`im�B`2b 2M ;ûMû`�H- �}M /2 iB`2` THmb /2 +QM+HmbBQMbX S�`

2t2KTH2- BH MǶ2bi T�b T2`iBM2Mi /ǶmiBHBb2` mM KQ/ĕH2 /2 MB+?2 [mB b2`�Bi T`Q/mBi bm` /2b /QMMû2b

û+QHQ;B[m2b /2 HǶmM2 /2b /2mt 2bTĕ+2b T�`2Mi�H2b U Qm V- TmBb[m2

H2b i`�Bib HBûb ¨ HǶû+QHQ;B2 TQm``�B2Mi �pQB` ûiû H�`;2K2Mi KQ/B}ûb /�Mb H2b TQTmH�iBQMb �/KBtû2b

/2b TQ`ibX G� +�`iQ;`�T?B2 T`û+Bb2 /2b 2MpB`QMM2K2Mib +QHQMBbûb T�` H2b KQmH2b BMi`Q/mBi2b b2`�

/QM+ Mû+2bb�B`2- 2M T�`�HHĕH2 /ǶmM2 +QKT�`�BbQM /2b i`�Bib T?vbBQHQ;B[m2b 2Mi`2 H2b 2bTĕ+2b

T�`2Mi�H2b 2i H2b MQmp2HH2b TQTmH�iBQMb TQ`im�B`2bX

�}M /2 +QKT`2M/`2 H2 T`Q+2bbmb /ǶBMp�bBQM- BH 7�m/`� ûi2M/`2 HǶû+?�MiBHHQMM�;2 ¨ H� 7QBb

¨ /2b TQ`ib THmb T2iBib U2X;X a�BMi@J�HQV K�Bb �mbbB ¨ /Ƕ�mi`2b ;`�M/b TQ`ib /2 +QKK2`+2

TQmp�Mi `2T`ûb2Mi2` /2 MQmp2HH2b bQm`+2b U2X;X _Qii2`/�K- TmBb[m2 /2b KB;`�Mib ?v#`B/2b QMi

ûiû `2i`Qmpûb MQM HQBMVX GǶ�m;K2Mi�iBQM /2 HǶ2zQ`i /Ƕû+?�MiBHHQMM�;2 /2p`� T�bb2` T�` HǶ2KTHQB

/2 MQmp2HH2b Kûi?Q/2b BKTHB[m�Mi ¨ H� 7QBb HǶmb�;2 /2 K�`[m2m`b +�`�+iû`BbiB[m2b- K�Bb �mbbB /2

i2+?MB[m2b miBHBb�Mi HǶ�.L 2MpB`QMM2K2Mi�HX G2b i2+?MB[m2b /Ƕ�.L 2MpB`QMM2K2Mi�H bQMi /2

THmb 2M THmb /ûp2HQTTû2b /�Mb H2 /QK�BM2 /2 H� #BQHQ;B2 /2b BMp�bBQMb 2i b2K#H2Mi T`QK2ii2mb2bX

1HH2b T2mp2Mi āi`2 bQBi +B#Hû2b 2M miBHBb�Mi T�` 2t2KTH2 /2b S*_ [m�MiBi�iBp2b UqQQ/ 2i �HX

kyRNV- bQBi #2�m+QmT THmb ;ûMû`�H2b 2M miBHBb�Mi /2b i2+?MB[m2b /2 K2i�#�`+Q/BM; U*QKi2i

2i �HX kyR8 c >QHK�M 2i �HX kyRNVX .�Mb H� T�`iB2 kXRXk- D2 +QM+Hmb [mǶBH 2bi T�`iB+mHBĕ`2K2Mi

/B{+BH2 /2 /Bzû`2M+B2` H2b HB;Mû2b /m +QKTH2t2 bm` H� #�b2 /2 K2i�#�`+Q/BM;- H�

Kûi?Q/2 H� THmb T`QK2ii2mb2 2bi /QM+ HǶmiBHBb�iBQM /2 K�`[m2m`b KmHiBTH2b /B�;MQbiB[m2b 2i

+B#Hûb- T2`K2ii�Mi /Ƕ�pQB` /2b b2mBHb /2 /ûi2+iBQM #�b 2i mM2 T`û+BbBQM �++`m2X

.ǶQɍ pB2MM2Mi H2b KQmH2b /2b /Q+Fb \ hQmi /Ƕ�#Q`/ HǶ�/KBtim`2 ¨ HǶQ`B;BM2 /2 +2b TQTm@

H�iBQMb b2K#H2 �bb2x `û+2Mi2 ¨ HǶû+?2HH2 i2KTQ`2HH2 /m i`�MbTQ`i K�`BiBK2 ?mK�BMX .�Mb H2

+?�TBi`2 k MQmb 2biBKQMb HǶ�/KBtim`2 /2 [m2H[m2b �MMû2b ¨ mM2 pBM;i�BM2- K�Bb H� T`ûb2M+2

/ǶmM2 TQTmH�iBQM /2 KQmH2b /2b /Q+Fb BH v � 9y �Mb ¨ ar�Mb2� UlEV BM/B[m2 mM �;2 mM T2m

THmb BKTQ`i�MiX GǶ�#b2M+2 /ǶBM/BpB/mb T�`2Mi�mt Kû/Bi2``�Mû2Mb /�Mb HǶ2M@

b2K#H2 /2b TQ`ib û+?�MiBHHQMMûb BM/B[m2 bQBi [m2 HǶ�/KBtim`2 BMBiB�H2 M2 bǶ2bi T�b 7�Bi2 /�Mb +2b

TQ`ib- bQBi [m2 H2b T�`2Mib QMi /BbT�`mb /2TmBb- Qm 2M+Q`2 [m2 HǶ2zQ`i /Ƕû+?�MiBHHQMM�;2 MǶûi�Bi

T�b �bb2x ;`�M/X G2b KQmH2b /2b /Q+Fb T�`i�;2Mi i`ĕb +2`i�BM2K2Mi mM2 ?BbiQB`2 +QKKmM2 2i

H2 b+ûM�`BQ H2 THmb T�`+BKQMB2mt `2TQb2 bm` mM2 �/KBtim`2 BMBiB�H2 /�Mb mM 2M/`QBi 2M+Q`2 MQM

B/2MiB}û- TmBb mM2 /BbT2`bBQM 2Mi`2 TQ`ib pB� H2 i`�}+ K�`BiBK2X

lM2 [m2biBQM T�`iB+mHBĕ`2K2Mi BMiû`2bb�Mi2 ¨ 2tTHQ`2` 2bi /2 b�pQB` bB HǶ?v#`B/�iBQM �p2+

H2b KQmH2b M�iBp2b- 2M 7Q`K�Mi /2b xQM2b /2 i2MbBQM ¨ HǶ2Mi`û2 /2b TQ`ib- 2bi mM Kû+�MBbK2

[mB `2i�`/2 Qm 2KTā+?2 HǶBMp�bBQM /m KBHB2m 2tiû`B2m`X 1M 2z2i- bB HǶQM +QMbB/ĕ`2 [m2 HǶ2bTĕ+2
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� mM2 p�H2m` bûH2+iBp2 BMi`BMbĕ[m2 bmTû`B2m` ¨ U"B2`M2 2i �HX kyyeV-

HǶBMi`Q/m+iBQM /2 H� HB;Mû2 Kû/Bi2``�Mû2MM2 �m`�Bi i`ĕb #B2M Tm /û#Qm+?2` bm` mM2 BMp�bBQM

BKTQ`i�Mi2 /m KBHB2m M�im`2H +QKK2 BH � ûiû Q#b2`pû /�Mb /2 KmHiBTH2b `û;BQMb /m KQM/2 U+7X

T�`iB2 BXjX8VX AH b2`�Bi /QM+ BMiû`2bb�Mi /2 TQmpQB` 2tTHQ`2` H2b /Bzû`2Mib b+ûM�`BQb /2 K�MBĕ`2

i?ûQ`B[m2X

1M /2?Q`b /2 H2m` bTû+B}+Biû û+QHQ;B[m2 /Ƕāi`2 `2bi`2BMi2 /�Mb H2b 2MpB`QMM2K2Mib TQ`im�B`2b

Qm 2bim�`B2Mb- H2b KQmH2b /2b /Q+Fb T`ûb2Mi2Mi �mbbB H� +�`�+iû`BbiB[m2 /Ƕāi`2 mM2 TQTmH�iBQM U¨

HǶû+?2HH2 /2 HǶ2Mb2K#H2 /2b TQ`ibV ?QKQ;ĕM2 ;ûMûiB[m2K2MiX *2ii2 ?QKQ;ûMûBiû /Ƕ�/KBtim`2- H2

K�BMiB2M /ǶmM +Hmbi2` T`QT`2 �mt TQTmH�iBQMb TQ`im�B`2b 2i H� 7Q`K�iBQM /2 +HBM2b ¨ HǶ2Mi`û2 /2b

TQ`ib MQmb 7QMi MQmb /2K�M/2` bB H2b KQmH2b /2b /Q+Fb b2`�B2Mi mM 2t2KTH2 /Ƕ2bTĕ+2 ?v#`B/2

?QKQTHQś/2X

G� bTû+B�iBQM ?v#`B/2 ?QKQTHQś/2 UQm Ŀ `2+QK#BM�iQB`2 ŀV 2bi /û}MB2 +QKK2 HǶûK2`;2M+2

/ǶmM2 MQmp2HH2 HB;Mû2 T`Q/mBi2 T�` H� `2T`Q/m+iBQM b�Mb TQHvTHQś/Bb�iBQM 2Mi`2 /2mt HB;Mû2b

T�`2Mi�H2b /Bp2`;2Mi2bX *2ii2 MQmp2HH2 HB;Mû2- TQbbû/�Mi H� KāK2 THQś/B2 [m2 H2b T�`2Mib- 2bi

`2T`Q/m+iBp2K2Mi BbQHû2 /2b HB;Mû2b T�`2Mi�H2b UJ�HH2i kyyd c �##Qii 2i �HX kyRj c 1H;pBM 2i �HX

kyRdVX

�m b2Mb /2 J�HH2i UkyydV- H2b 2bTĕ+2b bQMi /2b +Hmbi2`b ;ûMQivTB[m2b KmHiBHQ+mbX lM2

2bTĕ+2 ?v#`B/2 `2T`ûb2Mi2 �HQ`b mM +Hmbi2` BMi2`Kû/B�B`2 2Mi`2 /2mt +Hmbi2`b T�`2Mi�mt- [mB 2bi

bi�#H2 2i `2bi2 /BbiBM+i K�H;`û mM +QMi�+i �p2+ H2b /2mt 7Q`K2b T�`2Mi�H2bX a2HQM �##Qii 2i �HX

UkyRjV- H� +QK#BM�BbQM /2b �HHĕH2b T�`2Mi�mt /QBi +QMi`B#m2` ¨ HǶûi�#HBbb2K2Mi /ǶmM2 MQmp2HH2

TQTmH�iBQM 2i �m K�BMiB2M /2 bQM Q`B;BM�HBiû K�H;`û H2 ~mt /2 ;ĕM2b T`Qp2M�Mi /2b T�`2MibX PM

T2mi 7�+BH2K2Mi BK�;BM2` [m2 H2b 2bTĕ+2b ?v#`B/2b TQm``�B2Mi `2T`ûb2Mi2` iQmi2 mM2 +QMiBMmBiû

/�Mb H2b T`QTQ`iBQMb ;ûMQKB[m2b T`Qp2M�Mi /2b /2mt T�`2Mib- �p2+ /ǶmM +Ƭiû HǶBMi`Q;`2bbBQM /2

[m2H[m2b ;ĕM2b 2i /2 HǶ�mi`2 mM2 +QMi`B#miBQM bvKûi`B[m2X *2T2M/�Mi [mǶ2bi@+2 [mB /BbiBM;m2

+2 T`Q+2bbmb /2 HǶBMi`Q;`2bbBQM \ G2 TQBMi H2 THmb BKTQ`i�Mi B+B 2bi [m2 H� +QK#BM�BbQM /2b /2mt

;ûMQK2b T�`2Mi�mt /QBi +QMi`B#m2` ¨ HǶBbQH2K2Mi `2T`Q/m+iB7 �}M /ǶQ#i2MB` mM2 HB;Mû2 bi�#H2 2i

BbQHû2 /2b /2mt T�`2Mib Ua+?mK2` 2i �HX kyR9#- kyR3�VX

lM 2t2KTH2 +QKKmM /�Mb H� HBiiû`�im`2 /2 H� bTû+B�iBQM ?v#`B/2 HBû2 ¨ HǶBMi`Q;`2bbBQM /2

[m2H[m2b ;ĕM2b 2bi H2 +�b /2b T�TBHHQMb X S�` 2t2KTH2- � mM ;ûMQK2

T`Qp2M�Mi K�DQ`Bi�B`2K2Mi /ǶmM T�`2Mi �HQ`b [m2 +2`i�BM2b `û;BQMb ;ûMQKB[m2b +QMi`ƬH�Mi H2b

T�i`QMb /2 +QmH2m`b /2b �BH2b- BKTHB[mûb /�Mb HǶBbQH2K2Mi T`û@xv;QiB[m2- T`QpB2MM2Mi /ǶmM2 �mi`2

2bTĕ+2 U*QMbQ`iBmK kyRkVX .2 HǶ�mi`2 +Ƭiû /m bT2+i`2- mM 2t2KTH2 [mB b2K#H2 ¨ T`2KBĕ`2 pm2

T`Q+?2 /m +�b /2b KQmH2b /2b /Q+Fb 2bi +2HmB /m KQBM2�m Bi�HB2M U - 1H;pBM 2i �HX

kyRdVX *2ii2 2bTĕ+2- Bbbm2 /2 HǶ?v#`B/�iBQM 2Mi`2 H2 KQBM2�m /QK2biB[m2 U V 2i

H2 KQBM2�m 2bT�;MQH U V- � mM2 +QKTQbBiBQM ;ûMQKB[m2 BMi2`Kû/B�B`2 /�Mb /2b

T`QTQ`iBQMb `2bT2+iBp2b ∼eyf9yX .2 THmb- H2 KQBM2�m Bi�HB2M T`ûb2Mi2 mM BbQH2K2Mi `2T`Q/m+iB7-

keR



TQbbB#H2K2Mi /ȿ ¨ /2b 7�+i2m`b T`û@ 2i TQbi@xv;QiB[m2b- 2i mM2 �#b2M+2 /2 ~mt /2 ;ĕM2b K�H;`û

mM +QMi�+i �+im2H �p2+ H2b /2mt 2bTĕ+2b T�`2Mi�H2b U>2`K�Mb2M 2i �HX kyR9 c h`B2` 2i >2`K�Mb2M

kyR9VX

.ǶmM TQBMi /2 pm2 i?ûQ`B[m2- "H�M+F�2`i 2i "�MF UkyR3V bǶBMiû`2bb2Mi ¨ HǶ?vTQi?ĕb2 [m2 H2

i`B `û+BT`Q[m2 /2b BM+QKT�iB#BHBiûb ;ûMûiB[m2b �m b2BM /ǶmM2 TQTmH�iBQM ?v#`B/2 TmBbb2 T`Q/mB`2

mM BbQH2K2Mi TQbi@xv;QiB[m2 �p2+ H2b /2mt 2bTĕ+2b T�`2Mi�H2bX 1M miBHBb�Mi /2b KQ/ĕH2b /2 ivT2

".JA ¨ /2mt Qm [m�i`2 HQ+mb- BHb +QM+Hm2Mi [m2 H� xQM2 /2b T�`�Kĕi`2b T2`K2ii�Mi H� bTû+B�@

iBQM ?v#`B/2 2bi �bb2x `2bi`2BMi2 2i /ûT2M/�Mi2 /m /2;`û /2 HB�BbQM 2Mi`2 HQ+mb BM+QKT�iB#H2b-

/2 H� i�BHH2 /2 H� TQTmH�iBQM 2i /2b +QMi`B#miBQMb `2H�iBp2b /2b /2mt T�`2Mib ¨ H� TQTmH�iBQM

?v#`B/2X GǶûim/2 /2 "H�M+F�2`i 2i "�MF UkyR3V /ûKQMi`2 [m2 H� bTû+B�iBQM ?v#`B/2 T�` i`B

/2b BM+QKT�iB#BHBiûb /2p`�Bi āi`2 `�`2 /�Mb H� M�im`2 2i [mǶ2HH2 `2[mB2`i /2b +B`+QMbi�M+2b #B2M

T`û+Bb2b TQm` �pQB` HB2mX *2 [mB 2bi 2M �++Q`/ �p2+ H2 i`ĕb T2iBi MQK#`2 /2 +�b `û2HH2K2Mi �pû`ûb

Ua+?mK2` 2i �HX kyR9#VX

G2 T`2KB2` bi�/2 /2 H� bTû+B�iBQM ?v#`B/2 /�Mb /2b +�b /2 +QMi`B#miBQM BKTQ`i�Mi2 /2b

/2mt T�`2Mib- BKTHB[m2 TQi2MiB2HH2K2Mi H� +`û�iBQM /2 +2 [m2 #2�m+QmT /Ƕ�mi2m`b �TT2HH2Mi mM

2bb�BK ?v#`B/2 Ui`�/m+iBQM HBiiû`�H2 /2 c �##Qii 2i �HX kyRjVX *2 i2`K2 +Q``2bTQM/

¨ mM ;`QmT2 �/KBtû TQbbû/�Mi mM2 /Bbi`B#miBQM mMBKQ/�H2 /ǶBM/B+2b ?v#`B/2b 2i mM KûH�M;2

BKTQ`i�Mi /2b �b+2M/�M+2b T�`2Mi�H2b H2 HQM; /m ;ûMQK2 UCB;;BMb 2i J�HH2i kyyy c "2MBM/2 2i �HX

kyR3VX GǶûim/2 /2 +2 ivT2 /Ƕ�/KBtim`2 2bi T�`iB+mHBĕ`2K2Mi BKTQ`i�Mi2 TQm` H� +QKT`û?2MbBQM

/2b Kû+�MBbK2b BKTHB[mûb /�Mb H2 T`Q+2bbmb /2 bTû+B�iBQM ?v#`B/2 U�##Qii 2i �HX kyRjVX 1HH2

T2mi T2`K2ii`2 H� +QKT`û?2MbBQM /2 H� KBb2 2M TH�+2 /2 MQmp2HH2b #�``Bĕ`2b �mt ~mt /2 ;ĕM2b-

Qm /m `û�``�M;2K2Mi /ǶBM+QKT�iB#BHBiûb 2tBbi�Mi2b U>2`K�Mb2M 2i �HX kyR9VX

Zm2Hb bQMi H2b ûHûK2Mib [mB TQm``�B2Mi +QMi`B#m2` ¨ mM BbQH2K2Mi `2T`Q/m+iB7 2Mi`2 H2b

KQmH2b /2b /Q+Fb 2i H2b �mi`2b HB;Mû2b \ hQmi /Ƕ�#Q`/- HǶBbQH2K2Mi `2T`Q/m+iB7 T�`iB2H 2Mi`2

2i b2K#H2 /ûKQMi`û- ¨ H� 7QBb T�` /2b 2tTû`B2M+2b /2 +`QBb2K2Mi

U"B2`M2 2i �HX kyyk�- kyyeV- 2i T�` H2 K�BMiB2M /2 xQM2b /2 i2MbBQM 2Mi`2 +2b 2MiBiûb 2M /2

KmHiBTH2b TQBMib U"B2`M2 2i �HX kyyk#- kyyj#VX .2 THmb- BH 2tBbi2 /2b /Bzû`2M+2b /2 +�`vQivT2b

2Mi`2 H2b /2mt HB;Mû2b /2 - [mB TQm``�B2Mi ?vTQi?ûiB[m2K2Mi T2`K2ii`2

mM BbQH2K2Mi `2T`Q/m+iB7 2Mi`2 H2b KQmH2b /2b /Q+Fb 2i H2b �iH�MiB[m2b

UJ�`iőM2x@G�;2 2i �HX RNNeVX 1M}M- [m2H[m2b Kû+�MBbK2b /ǶBbQH2K2Mi T`û@xv;QiB[m2 2tBbi�Mi

2Mi`2 2bTĕ+2b /2 KQmH2b TQm``�B2Mi �mbbB 2Mi`2` 2M D2m U"B2`M2 2i �HX kyyk� c aT`BM;2` 2i *`2bTB

kyyd c pQB` H� T�`iB2 BXjXk TQm` THmb /2 /ûi�BHb bm` HǶBbQH2K2Mi `2T`Q/m+iB7VX

.�Mb H2 +�b /2b KQmH2b /2b /Q+Fb- BH K2 b2K#H2 BKTQbbB#H2 /2 +QM+Hm`2 [mǶ2HH2b +QMbiBim2Mi

mM2 2bTĕ+2 ?v#`B/2 �p2+ H2b BM7Q`K�iBQMb /QMi QM /BbTQb2X "B2M [m2 +2ii2 TQTmH�iBQM TmBbb2 āi`2

[m�HB}û2 /Ƕ2bb�BK ?v#`B/2- THmbB2m`b �`;mK2Mib i2M/2Mi ¨ BMp�HB/2` mM2 ?vTQi?ĕb2 /2 bTû+B�iBQM

?v#`B/2X hQmi /Ƕ�#Q`/- K�H;`û mM MQK#`2 /2 +QMi�+ib b2+QM/�B`2b BKTQ`i�Mi /�Mb H2 +QKTH2t2

/Ƕ2bTĕ+2b - �m+mM2 2bTĕ+2 ?v#`B/2 MǶv 2bi `ûT2`iQ`Bû2 ¨ +2 DQm`X PM T2mi +2T2M/�Mi

MQi2` [m2 H� TQTmH�iBQM /2 H� K2` "�HiB[m2- 7Q`i2K2Mi BMi`Q;`2bbû2 T�`

U6`�śbb2 2i �HX kyR3�V- TQm``�Bi āi`2 +QMbB/û`û2 TQm` mM2 ûim/2 THmb TQmbbû2 /2b Kû+�MBbK2b

kek
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/ǶBbQH2K2Mi �p2+ H2b TQTmH�iBQMb T�`2Mi�H2bX *2 +QKTH2t2 /Ƕ2bTĕ+2b M2 b2K#H2 T�b T`ƬM2 ¨

+2 ivT2 /ǶûpĕM2K2Mib- K�Bb THmiƬi ¨ /2b ûpĕM2K2Mib /ǶBMi`Q;`2bbBQM BKTQ`i�Mib U6`�śbb2 2i

�HX kyRe� c aBKQM 2i �HX kyRN�VX J�H;`û mM2 +QKTQbBiBQM ;ûMQKB[m2 BMi2`Kû/B�B`2- BH 2tBbi2

/2b /Bzû`2M+2b /ǶBMi`Q;`2bbBQM 2Mi`2 TQ`ib [mB TQm``�B2Mi āi`2 HBû2b ¨ /m ~mt /2 ;ĕM2b HQ+�H-

/2 p2`b H2b KQmH2b /2b /Q+Fb U2X;X �m >�p`2V- 2i 2Mi`2 H2b 2i

H2b KQmH2b /2b /Q+Fb U2X;X 2M `�/2 /2 "`2biV UaBKQM 2i �HX kyRN#VX *2 ~mt /2 ;ĕM2b /QBi

T�bb2` T�` /2b BM/BpB/mb /2 T`2KBĕ`2 ;ûMû`�iBQM U6Rb B/2MiB}ûb /�Mb aBKQM 2i �HX kyRN#V- K�Bb

�mbbB T�` /2b `ûi`Q@+`QBb2K2Mib p2`b HǶmM2 Qm HǶ�mi`2 /2b TQTmH�iBQMb UTHmb /B{+BH2b ¨ B/2MiB}2`VX

1M}M- HǶBbQH2K2Mi `2T`Q/m+iB7 /2b KQmH2b /2b /Q+Fb �p2+ H� HB;Mû2 T�`2Mi�H2

Kû/Bi2``�Mû2MM2 MǶ2bi T�b i2biû2 M�im`2HH2K2Mi /�Mb +2 +�b- TmBb[m2 [mǶ2HH2 MǶ2bi T�b T`ûb2Mi2

/�Mb H� xQM2 /ǶBMi`Q/m+iBQMX

G2 i2bi /2 HǶBbQH2K2Mi `2T`Q/m+iB7 Mû+2bbBi2`�Bi /2b +`QBb2K2Mib 2M H�#Q`�iQB`2 2Mi`2 H2b

KQmH2b /2b /Q+Fb 2i HǶ2Mb2K#H2 /2b HB;Mû2b �+i`B+2b /�Mb +2 b+ûM�`BQ- BX2X H2b HB;Mû2b T�`2Mi�H2b

2i Kû/Bi2``�Mû2MM2- �BMbB [m2 H� HB;Mû2 �iH�M@

iB[m2X .2 THmb- BH 7�m/`� +QMM�ŗi`2 /2 7�ÏQM THmb T`û+Bb2 H� bûT�`�iBQM 2Mi`2 MB+?2b û+QHQ;B[m2b

[mB 2tBbi2 2Mi`2 H2b /Bzû`2Mi2b TQTmH�iBQMb 2i bB +2H� � mM BKT�+i bm` HǶBbQH2K2Mi T`û@xv;QiB[m2X

1M i2`K2 û+QHQ;B[m2- H2b 2bTĕ+2b BMp�bBp2b bQMi +QMbB/û`û2b +QKK2 mM2 +�mb2 /Ƕ2tiBM+iBQM

K�D2m`2 U"2HH�`/ 2i �HX kyReVX *2T2M/�Mi- HǶBKT�+i ;ûMûiB[m2 2bi THmb /B{+BH2 ¨ ûp�Hm2`- /2

K�MBĕ`2 i2+?MB[m2 K�Bb �mbbB +QM+2Tim2HH2X

"H�+F#m`M 2i �HX kyR9 +H�bbB}2Mi HǶ?v#`B/�iBQM +QKK2 mM /2b BKT�+ib 2MpB`QMM2K2Mi�mt

/2b 2bTĕ+2b BMp�bBp2bX G2m` +�iû;Q`B2 Ŀ BKT�+i K�bbB7 ŀ U+7X 6B;m`2 8V /2 H� +H�bb2 ?v#`B/�iBQM

+Q``2bTQM/ �m +�b Qɍ H2b ?v#`B/2b bQMi 72`iBH2b 2i b�BMb- +QM/mBb�Mi ¨ H� T2`i2 /ǶmM2 TQTmH�iBQM

M�iBp2 Ŀ Tm`2 ŀ- 2i +2 KāK2 �T`ĕb û`�/B+�iBQM /2 HǶ2bTĕ+2 BMp�bBp2X G2b �mi2m`b [m�HB}2Mi +2

T?ûMQKĕM2 /ǶĿ 2tiBM+iBQM ;ûMQKB[m2 ŀ- [mB 7�Bi �mbbB `û7û`2M+2 �m +QM+2Ti /ǶĿ 2tiBM+iBQM T�`

?v#`B/�iBQM ŀ U_?vK2` 2i aBK#2`HQz RNNe c .X 1X qQH7 2i �HX kyyRVX .2 H� KāK2 7�ÏQM- H2

+QM+2Ti /2 Ŀ TQHHmiBQM ;ûMûiB[m2 ŀ UH�M+û T�` "miH2` RNN9V `2TQb2 bm` mM2 pBbBQM bm#D2+iBp2 /2

HǶBMi`Q;`2bbBQM- +2Mi`û2 bm` mM2 pBbBQM }tBbi2 2i T?ûMQivTB[m2 /m +QM+2Ti /Ƕ2bTĕ+2X G� THmT�`i

/2b i2`K2b miBHBbûb /�Mb H2 /QK�BM2 /2 H� #BQHQ;B2 /2b BMp�bBQMb 2i /2 H� +QMb2`p�iBQM bQMi

TûDQ`�iB7b U_?vK2` 2i aBK#2`HQz RNNeVX AHb bQmb@2Mi2M/2Mi bQBi [m2 H2b ?v#`B/2b QMi mM2 p�H2m`

bûH2+iBp2 BM7û`B2m`2- +2 [mB MǶ2bi T�b 7Q`+ûK2Mi H2 +�b- bQBi [mǶmM2 TQTmH�iBQM Ŀ Tm`2 ŀ � mM2 p�@

H2m` bmTû`B2m`2 ¨ MQb v2mtX G2 +QM+2Ti /2 Tm`2iû /ǶmM2 TQTmH�iBQM TQb2 /2 MQK#`2mt T`Q#HĕK2b

+QM+2Tim2Hb- �HH�Mi #B2M �m@/2H¨ /m /QK�BM2 /2b BMp�bBQMb #BQHQ;B[m2b 2i /2 H� +QMb2`p�iBQMX

*QMbB/û`û �p2+ i`QT /2 xĕH2- +2 +QM+2Ti T2mi K2M2` ¨ /2b TQHBiB[m2b /2 +QMb2`p�iBQM TQbbB#H2@

K2Mi �#2``�Mi2b Qm +QMi`2@T`Q/m+iBp2b- +QKK2 /�Mb H2 +�b /m K�M�;2K2Mi /2b iQ`im2b /2b

kej



:�H�T�;Qb UGQB`2 2i :�HiB2` kyRd c CX JX JBHH2` 2i �HX kyR3VX

G2 +QMb2Mbmb /�Mb H� HBiiû`�im`2 b2K#H2 āi`2 [mǶmM2 BMi2`p2MiBQM 2bi Mû+2bb�B`2 HQ`b[m2

HǶ?v#`B/�iBQM 2i H2 KûH�M;2 ;ûMûiB[m2 bQMi +H�B`2K2Mi /ǶQ`B;BM2 �Mi?`QTB[m2- `2TQb�Mi bm` mM

T`BM+BT2 /2 b�mp2;�`/2 /ǶmM2 Ŀ M�im`2 T`û@�Mi?`QTBbû2 ŀ U�HH2M/Q`7 2i �HX kyyRVX .2 THmb- mM2

HB;Mû2 ?v#`B/2 M2 /2p`�Bi āi`2 T`Qiû;û2 [m2 bB 2HH2 +QMiB2Mi H� b2mH2 BM7Q`K�iBQM ;ûMûiB[m2

`2bi�Mi2 /ǶmM i�tQM [mB � /BbT�`m U�HH2M/Q`7 2i �HX kyyRVX 1M}M- +QKK2 +QM+Hm2Mi _?vK2` 2i

aBK#2`HQz URNNeV , Ŀ G2b +QMb2`p�iBQMMBbi2b MǶQMi T�b #2bQBM /2 bQMM2` HǶ�H�`K2 ¨ +?�[m2 7QBb

[m2 /2b TQTmH�iBQMb û+?�M;2Mi /2b ;ĕM2b ŀX

SQm` H2 KQK2Mi- HǶBKT�+i ;ûMûiB[m2 /2b KQmH2b /2b /Q+Fb `2bi2 HBKBiûX .�Mb H2b TQ`ib /2

*?2`#Qm`;- G2 >�p`2 2i a�BMi@L�x�B`2- H2b KQmH2b /2b /Q+Fb bQMi +QM}Mû2b ¨ HǶBMiû`B2m` /2b

TQ`ibX LQmb TQmpQMb T2Mb2` [m2 H2b [m2H[m2b KB;`�Mib TQ`im�B`2b M2 +QMbiBim2Mi T�b mM2 T`2b@

bBQM /ûKQ;`�T?B[m2 �bb2x BKTQ`i�Mi2 TQm` 2Mi�K2` mM2 p�;m2 /Ƕ�p�M+2X .2 THmb- bB [m2H[m2b

K�`[m2m`b �/�Ti�iB7b û+?�TT�B2Mi ¨ H� xQM2 /2 i2MbBQM T`ûb2Mi2 ¨ HǶ2Mi`û2 /2b TQ`ib- BH 7�m/`�Bi

ûp�Hm2` HǶQTBMBQM /2 H� +QKKmM�miû b+B2MiB}[m2 bm` H� bBim�iBQMX G2b KQmH2b HQ+�H2b M2 b2`�B2Mi@

2HH2b THmb /2 HǶ2bTĕ+2 �p2+ /2b �HHĕH2b Kû/Bi2``�Mû2Mb \ a�+?�Mi [m2 HǶBMi`Q;`2bbBQM

bǶ2bi T`Q/mBi2 ¨ /2 MQK#`2mb2b `2T`Bb2b HQ`b /2 HǶ?BbiQB`2 /m +QKTH2t2 /Ƕ2bTĕ+2b- 2i [m2 H2b

;ûMQK2b bQMi /ûD¨ i`ĕb 7Q`i2K2Mi �/KBtûb M�im`2HH2K2Mi- BH 2bi- /2 KQM TQBMi /2 pm2- #B2M

/B{+BH2 /2 T`û/B`2 bB +2ii2 BMi`Q;`2bbBQM- 7�pQ`Bbû2 T�` H2b �+iBpBiûb ?mK�BM2b- � mM 2z2i TQbBiB7

Qm Mû;�iB7X

G� `2pm2 /2 _?vK2` 2i aBK#2`HQz URNNeV `�TT2HH2 �mbbB [m2 HǶBMi`Q;`2bbBQM 2bi mM T`Q+2bbmb

ûpQHmiB7 +Qm`�Mi- 2i [mǶBH 7�mi +QMbB/û`2` HǶBKT�+i /2 HǶ?v#`B/�iBQM �p2+ T�`+BKQMB2 2i +?QBbB` b2b

+QK#�ib /2 +QMb2`p�iBQM /2 K�MBĕ`2 T`�iB[m2 2i T`�;K�iB[m2X �HQ`b 7�mi@BH û`�/B[m2` H2b KQmH2b

/2b /Q+Fb \ .ǶmM T`2KB2` �#Q`/- K� `ûTQMb2 b2`�Bi THmiƬi MQM- TmBb[m2 H2b BKT�+ib Mû;�iB7b

/ǶmM2 û`�/B+�iBQM b2`�B2Mi +2`i�BM2K2Mi bmTû`B2m`b ¨ b2b BKT�+ib TQbBiB7bX hQmi /Ƕ�#Q`/- H2b

2bTĕ+2b /m +QKTH2t2 /Ƕ2bTĕ+2b M2 bQMi T�b K2M�+û2b /Ƕ2tiBM+iBQM- 2i H2 TQi2MiB2H

/Ƕ2tiBM+iBQM /ǶmM2 TQTmH�iBQM [mB b2`�Bi mMB[m2 b2K#H2 HBKBiûX G2b KQmH2b QMi /2 H�`;2b i�BHH2b

/2 TQTmH�iBQM- mM +v+H2 /2 pB2 `�TB/2 2i bQmp2Mi /2 H�`;2b �B`2b /2 /Bbi`B#miBQMX *QKK2 MQmb

HǶ�pQMb KQMi`û2 �m +?�TBi`2 R- mM2 TQbbB#H2 BMi`Q;`2bbBQM T2mi `2bi2` HQ+�H2 2i `2bi2` +QmTHû2

¨ H� xQM2 /2 i2MbBQM bmBp�Mi2X .�Mb mM b2+QM/ i2KTb- ¨ HǶBMbi�` /2b KQmH2b M�im`2HH2b [mB

bQMi `2+QMMm2b +QKK2 /2b Q`;�MBbK2b +Hûb /2 pQȿi2 �BHH�Mi mM `ƬH2 +2Mi`�H /�Mb HǶû+QbvbiĕK2

U - Eû} 2i �HX kyReV 2i mM `ƬH2 /ǶBM;ûMB2m` /2b û+QbvbiĕK2b U"Q`i?�;�`�v 2i

*�``�Mx� kyydV- H2b #�M+b /2 KQmH2b /2b /Q+Fb +QMbiBim2Mi mM ?�#Bi�i 2i mM2 `2bbQm`+2 TQm`

/Ƕ�mi`2b 2bTĕ+2b- 2i H2m` û`�/B+�iBQM BKT�+i2`�Bi +2`i�BM2K2Mi /Ƕ�mi`2b i�tQMb BM/B;ĕM2bX .2

THmb- mM2 i2HH2 û`�/B+�iBQM /2p`�Bi `2+Qm`B` ¨ /2b KQv2Mb BKTQ`i�Mib- +QKK2 HǶmiBHBb�iBQM /ǶmM

i`�Bi2K2Mi �m +?HQ`2 U"�t 2i �HX kyykV- [mB �m`�Bi /2b BKT�+ib 2MpB`QMM2K2Mi�mt /ûb�bi`2mtX

1M}M- HǶû`�/B+�iBQM /2p`�Bi āi`2 2z2+imû2 /�Mb HǶ2Mb2K#H2 /2b TQ`ib +QHQMBbûb T�` H2b KQmH2b /2b

/Q+Fb- �}M /ǶûpBi2` mM2 `2+QHQMBb�iBQM /2TmBb mM2 �mi`2 TQTmH�iBQMX G� `2+QHQMBb�iBQM TQm``�Bi

û;�H2K2Mi āi`2 HBKBiû2 T�` H2 +QMi`ƬH2 /2b p2+i2m`b U2X;X i`�Bi2K2Mi /2b 2�mt /2 #�HH�biVX .û+B/2`

/ǶmM2 û`�/B+�iBQM 2bi /QM+ mM bmD2i +QKTH2t2- BKTHB[m�Mi /2b [m2biBQMb û+QHQ;B[m2b K�Bb �mbbB

ke9
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bQ+Bûi�H2b UJv2`b 2i �HX kyyyVX .2 K�MBĕ`2 KQBMb #`mi�H2- H� /2MbBiû /2 TQTmH�iBQM TQ`im�B`2

Qm H2 `2KTH�+2K2Mi /ǶmM2 T�`iB2 /2b TQTmH�iBQMb T�` /2b KQmH2b HQ+�H2b TQm``�B2Mi T2mi@āi`2

bm{`2 ¨ 2Mp�?B` U V H2 7QM/ ;ûMûiB[m2 Kû/Bi2``�Mû2MX *2T2M/�Mi +2ii2 +QMbB/û`�iBQM

`2[mB2`i H2 /ûp2HQTT2K2Mi /ǶmM pQH2i i?ûQ`B[m2 2M �KQMiX

G2b /ûp2HQTT2K2Mib `û+2Mib /2 H� ;ûMQKB[m2 /2b TQTmH�iBQMb QMi Qmp2`i H� TQ`i2 ¨ HǶûim/2

/2b T�i`QMb /Ƕ�/KBtim`2 �m b2BM /2b xQM2b /2 +QMi�+i UGX JX hm`M2` 2i >�`` kyR9 c 1H;pBM 2i �HX

kyRd c .m`�MiQM 2i �HX kyR3 c a+?mK2` 2i �HX kyR3#VX *2+B ¨ H� 7QBb bm` /2b û+?2HH2b /2 i2KTb

+Qm`ib- +Ƕ2bi@¨@/B`2 H� `ûbQHmiBQM /2b BM+QKT�iB#BHBiûb HQ`b /2b T`2KBĕ`2b ;ûMû`�iBQMb /Ƕ?v#`B/�@

iBQM Ua+?mK2` 2i �HX kyR3#V- K�Bb û;�H2K2Mi bm` /2b i2KTb THmb BKTQ`i�Mib- +Q``2bTQM/�Mi

T�` 2t2KTH2 �m /2p2MB` ûpQHmiB7 /ǶmM #HQ+ ;ûMQKB[m2 /�Mb mM 7QM/ ;ûMQKB[m2 MQM bTû+B}[m2

U.m`�MiQM 2i �HX kyR3VX

*QKK2 MQmb �pQMb Tm H2 pQB` �m +?�TBi`2 9- H2b KQ/ĕH2b +H�bbB[m2b /ǶBM+QKT�iB#BHBiûb

bQmz`2Mi /ǶmM K�M[m2 /2 ~2tB#BHBiû HQ`b /ǶmM2 KBb2 ¨ HǶû+?2HH2 ;ûMQKB[m2 2i T�`7QBb /ǶmM

K�M[m2 /2 `û�HBbK2 bB HǶQM +QMbB/ĕ`2 [m2 H� THmT�`i /2b i`�Bib T?ûMQivTB[m2b bQMi ?�mi2K2Mi

TQHv;ûMB[m2b U"QvH2 2i �HX kyRdVX C2 M2 KBHBi2 T�b B+B TQm` HǶ�#�M/QM /2b KQ/ĕH2b bBKTH2b

¨ 2z2ib 7Q`ib- [mB `2T`ûb2Mi2Mi i`ĕb +H�B`2K2Mi +2`i�BMb +�b /ǶBM+QKT�iB#BHBiûb /Q+mK2Miû2b-

K�Bb TQm` HǶBM+Q`TQ`�iBQM /2 HǶ2Mb2K#H2 /2b û+?2HH2b �}M /2 TQmpQB` `2T`ûb2Mi2` H� /Bp2`bBiû /2b

T�i`QMb ;ûMQKB[m2b Q#b2`pûbX

"B2M [m2 HǶQM b2 bQBi HBKBiû �mt ?v#`B/2b /2 T`2KBĕ`2b ;ûMû`�iBQMb /�Mb H2 +?�TBi`2 9 UaBKQM

2i �HX kyR3V- H� T`Q+?�BM2 ûi�T2 2bi /Ƕûim/B2` H� `ûbQHmiBQM /2 HǶ�/KBtim`2 bm` /Bzû`2Mi2b û+?2HH2b

/2 i2KTbX GǶQ#D2+iB7 MǶ2bi T�b b2mH2K2Mi /2 T`Q/mB`2 /2b bBKmH�iBQMb BM/BpB/mb +2Mi`û2b- K�Bb

û;�H2K2Mi /ǶQ#i2MB` /2b T`û/B+iBQMb �M�HviB[m2b bm` H2b T`Q#�#BHBiûb /ǶBMi`Q;`2bbBQM /2b p�`B�Mib

U¨ H� K�MBĕ`2 /2 a�+?/2p� 2i "�`iQM kyR3#VX lM T�b /�Mb +2ii2 /B`2+iBQM � /ûD¨ ûiû 2Mi`2T`Bb

T�` a+?M22K�MM 2i �HX UBM T`2TXVX .�Mb +2ii2 ûim/2- H2 KQ/ĕH2 � ûiû ûi2M/m TQm` BM+Hm`2 /2

H� /QKBM�M+2 T?ûMQivTB[m2 p�`B�#H2- T2`K2ii�Mi mM2 THmb ;`�M/2 ~2tB#BHBiû /2b T`û/B+iBQMbX

1M HB2M �p2+ H2 T�`�HHûHBbK2 Q#b2`pû +?2x H2b KQmH2b U+?�TBi`2b k 2i jV- H2 KQ/ĕH2 T2`K2i

/ǶQ#i2MB` /2b +Q``ûH�iBQMb /2b p�H2m`b bûH2+iBp2b K�`;BM�H2b /2b p�`B�Mib 2Mi`2 H2b "*b- K�Bb

�mbbB /2b +Q``ûH�iBQMb `û/mBi2b HQ`b[m2 HǶQM +QKT�`2 H2b "*b �mt 6kbX *2b `ûbmHi�ib i`�/mBb2Mi

mM2 /ûT2M/�M+2 /2 H� i`�D2+iQB`2 /2b p�`B�Mib ¨ HǶ2MpB`QMM2K2Mi ;ûMQKB[m2- /Bzû`2Mib 2Mi`2

ivT2b /2 +`QBb2K2Mi Qm 2Mi`2 ivT2b /Ƕ�/KBtim`2 bB QM ûi2M/ H2 `�BbQMM2K2MiX

.�Mb mM2 QTiB[m2 bBKBH�B`2- /2 MQmp2�mt KQ/ĕH2b QMi ûiû /ûp2HQTTûb �}M /2 bmBp`2 HǶBMi`Q;`2bbBQM

/2 #HQ+b ;ûMQKB[m2bX a�+?/2p� 2i "�`iQM UkyR3�V bǶBMiû`2bb2Mi ¨ HǶ2z2i /2 H� bûH2+iBQM TQHv;û@

MB[m2 bm` HǶBMi`Q;`2bbBQM 2M miBHBb�Mi mM KQ/ĕH2 BM}MBiûbBK�H �z2+i�Mi mM i`�Bi bQmb bûH2+iBQMX

GǶ2z2i /ǶmM #HQ+ /2 ;ûMQK2 /ǶmM2 HQM;m2m` /QMMû2 bm` H� p�H2m` /m i`�Bi p� �HQ`b /ûT2M/`2
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/2 HǶ2z2i �//BiB7 /2 iQmb b2b HQ+mbX �m +Qm`b /2b ;ûMû`�iBQMb- H� i�BHH2 /m #HQ+ p� p�`B2` T�`

`2+QK#BM�BbQM 2i �BMbB +?�M;2` bQM 2z2i bm` H� p�H2m` /m i`�BiX S�` 2t2KTH2- mM #HQ+ BMBiB�H2@

K2Mi M2mi`2 T2mi āi`2 /û+QKTQbû T�` `2+QK#BM�BbQM 2M /2 KmHiBTH2b #HQ+b- +?�+mM TQmp�Mi

�pQB` /2b p�H2m`b /2 i`�Bib TQbBiB7b Qm Mû;�iB7bX GǶmM2 /2 H2m` +QM+HmbBQM bm` H� /Bzû`2M+2 2Mi`2

H� T`QT�;�iBQM BMBiB�H2 2i ¨ HQM; i2`K2 /2 HǶBMi`Q;`2bbBQM 2bi T�`iB+mHBĕ`2K2Mi BMiû`2bb�Mi2 , H�

`2+QK#BM�BbQM DQm2 mM `ƬH2 /Bzû`2Mi /m`�Mi +2b /2mt T?�b2bX .�Mb H� T`2KBĕ`2 T?�b2- H� `2@

+QK#BM�BbQM /BHm2 HǶ�p�Mi�;2 bûH2+iB7 /ǶmM #HQ+ ;ûMQKB[m2 TQbBiBp2K2Mi bûH2+iBQMMû- TQmp�Mi

�;B` /�Mb H2 b2Mb BMp2`b2 ¨ H� bûH2+iBQMX �m +Qm`b /2 H� b2+QM/2 T?�b2- H� `2+QK#BM�BbQM T2`K2i

/2 `2K2ii`2 2Mb2K#H2 /2b #HQ+b THmb T2iBib- iQmb TQbBiBp2K2Mi bûH2+iBQMMûb- TQmp�Mi }MB` T�`

7Q`K2` /2b +Hmbi2`b /2 HB�BbQM 2ti`āK2K2Mi 7�pQ`�#H2bX 1M /Ƕ�mi`2b i2`K2b- /2b HQM;b 7`�;K2Mib

pQMi āi`2 /Ƕ�#Q`/ bûH2+iBQMMûb 2i āi`2 /û+QmTûb T�` H� `2+QK#BM�BbQMX G2b 7`�;K2Mib `2bi�Mib ¨

2z2ib TQbBiB7b �v�Mi bm`pû+m ¨ +2ii2 ûi�T2 2i �v�Mi �m;K2Miû 2M 7`û[m2M+2- T2mp2Mi āi`2 `2KBb

2Mb2K#H2- 2M ûpBi�Mi H2b BMi2`7û`2M+2b /2 >BHH@_Q#2`ibQM Ua�+?/2p� 2i "�`iQM kyR3#VX

lM2 MQiBQM bmTTHûK2Mi�B`2 �++QKT�;M2 BMi`BMbĕ[m2K2Mi H� KBb2 ¨ HǶû+?2HH2 TQHv;ûMB[m2-

+2HH2 /2 H� +QMiBM;2M+2 2i /2 H� `ûTûi�#BHBiûX aB +?�[m2 HQ+mb � mM 2z2i 7�B#H2 2i [m2 /2

MQK#`2mt HQ+mb bQMi /BbTQMB#H2b TQm` HǶ�+iBQM /2 H� bûH2+iBQM- BH b2K#H2 ¨ T`2KBĕ`2 pm2 [m2 H�

/û`Bp2 ;ûMûiB[m2 UBX2X H� biQ+?�biB+BiûV �m`� mM2 T�`i BKTQ`i�Mi2 ¨ DQm2` /�Mb H� `ûTûi�#BHBiû

/m T`Q+2bbmb /2 i`B /2b p�`B�Mib BMi`Q;`2bbûbX a�+?/2p� 2i "�`iQM UkyR3#V- 2M miBHBb�Mi H2

KāK2 KQ/ĕH2 [m2 T`û+û/2KK2Mi- +QM+Hm2Mi [m2 H2 i�mt /2 +`QBbb�M+2 BMBiB�H /ǶmM 7`�;K2Mi

/�Mb H� TQTmH�iBQM `2+2p2mb2 2bi +Q``ûHû �p2+ b� T`Q#�#BHBiû /ǶBMi`Q;`2bbBQM ¨ HQM; i2`K2X

�BMbB- H2b p�`B�Mib /ǶmM 7`�;K2Mi �p2+ mM2 7Q`i2 T`Q#�#BHBiû /ǶBMi`Q;`2bbBQM bQMi bmb+2TiB#H2b

/ǶBMi`Q;`2bb2` /2 K�MBĕ`2 `ûTûiû 2Mi`2 `ûTHB+�ibX GǶûim/2 2KTB`B[m2 /2 H� +QMiBM;2M+2 T�bb2`�

¨ H� 7QBb T�` H� +�`iQ;`�T?B2 /2b `ûbQHmiBQMb /Ƕ�/KBtim`2 /�Mb /2b ûpĕM2K2Mib /Ƕ?v#`B/�iBQM

T�`�HHĕH2b `û+2Mib U2X;X +?2x H2b KQmH2bV- 2i T�` HǶQ#i2MiBQM /2 T`Q#�#BHBiû /ǶBMi`Q;`2bbBQM ¨ HQM;

i2`K2 /2b p�`B�Mib- 2M miBHBb�Mi /2b +QMi�+ib `ûTHB[mûb THmb �M+B2Mb U2X;X +?2x H2b KQmH2bVX

G� HBiiû`�im`2 �#QM/2 /2 KQ/ĕH2b i?ûQ`B[m2b bm` HǶBMp�bBQM /ǶmM2 2bTĕ+2 �p2+ /2b +QMbB@

/û`�iBQMb Tm`2K2Mi û+QHQ;B[m2b 2i û+Q@ûpQHmiBp2b UBX2X b�Mb ?v#`B/�iBQM c qBHHB�KbQM RNNeVX

"2�m+QmT KQBMb /Ƕûim/2b QMi 2tTHQ`û H� KQ/ûHBb�iBQM /2 HǶBMp�bBQM �p2+ ?v#`B/�iBQMX G� `2pm2

/2 >�HH 2i �HX UkyyeV bǶBMiû`2bb2 ¨ +2 ivT2 /2 KQ/ûHBb�iBQM Ĝ KāK2 bB H2 i2`K2 Ŀ BMp�bBQM

?v#`B/2 ŀ 2bi T�`iB+mHBĕ`2K2Mi K�H +?QBbBX C2 `2MpQB2 H2 H2+i2m` p2`b +2ii2 `2pm2 [mB /`2bb2 mM

TQ`i`�Bi /2b /Bzû`2Mib KQ/ĕH2b miBHBbûb 2M û+QHQ;B2 2i ;ûMûiB[m2 /2b BMp�bBQMbX LQmb �HHQMb

MQmb +QM+2Mi`2` B+B bm` H2b T�`�Kĕi`2b TQmp�Mi BKT�+i2` H2 /2p2MB` /ǶmM �HHĕH2 BMi`Q/mBi 2i

H2b TQbbB#H2b HB2Mb 2Mi`2 KQ/ĕH2b ;ûMûiB[m2b HBûb ¨ HǶ?v#`B/�iBQM 2i KQ/ĕH2b /2 H� #BQHQ;B2 /2b

BMp�bBQMbX

AH T2mi āi`2 BMiû`2bb�Mi /Ƕ2MpBb�;2` H� KQ/ûHBb�iBQM ¨ HǶû+?2HH2 /ǶmM HQ+mb- �}M /2 TQmpQB`

7�B`2 /2b ;ûMû`�HBb�iBQMb 2i 2ti2MbBQMbX G2 bQ`i /ǶmM �HHĕH2 MQM M�iB7 T2mi i?ûQ`B[m2K2Mi āi`2

kee
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allèle non natif

temps

fr
é
q
u
e
n
c
e

1

2

3

x stochasticité

Contexte génomique:
- liaison physique
- épistasie
- recombinaison

E et sélectif
+ / - / neutreDémographie

Contexte spatial:
- barrière à la migration
- densité des populations

isolement reproductif

G2b KmHiBTH2b 7�+i2m`b
+QMi`ƬH�Mi H2 /2p2MB` /ǶmM �HHĕH2 MQM
M�iB7X PM +QMbB/ĕ`2 B+B H� 7`û[m2M+2
/ǶmM �HHĕH2 BMi`Q/mBi- ¨ mM HQ+mb /QMMû-
/�Mb HǶ2Mb2K#H2 /2b TQTmH�iBQMb Qɍ
mM2 BMi`Q/m+iBQM �p2+ ?v#`B/�iBQM �
2m HB2mX GǶ�HHĕH2 T2mi URV 2Mp�?B` HǶ2M@
b2K#H2 /2b TQTmH�iBQMb- UjV /BbT�@
`�ŗi`2 2i āi`2 `2KTH�+û T�` HǶ�HHĕH2 M�@
iB7 Qm UkV bû;`û;2` 2M 7`û[m2M+2 BM@
i2`Kû/B�B`2- bQBi T�`+2 [m2 H2b TQTm@
H�iBQMb M�iBp2b 2i BMi`Q/mBi2b bQMi bû@
T�`û2b bT�iB�H2K2Mi 2i +QMb2`p2Mi /2b
7`û[m2M+2b /Bzû`2Mi2b- bQBi T�`+2 [m2
H� 7`û[m2M+2 2bi ?QKQ;ĕM2 ¨ mM MB@
p2�m BMi2`Kû/B�B`2 /�Mb iQmi2b H2b TQ@
TmH�iBQMbX

i`ĕb /Bzû`2Mi /2 +2HmB /2 HǶ2bTĕ+2 BMi`Q/mBi2 bB /m ~mt /2 ;ĕM2b 2bi TQbbB#H2 �p2+ mM2 2bTĕ+2

M�iBp2X lM �HHĕH2 MQM M�iB7 T2mi T�` 2t2KTH2 /BbT�`�ŗi`2 KāK2 bB HǶ2bTĕ+2 BMi`Q/mBi2 `2KTH�+2

H� M�iBp2 U6B;m`2 8Xk UjVVX § HǶBMp2`b2- BH T2mi BMi`Q;`2bb2` HǶ2bTĕ+2 M�iBp2 KāK2 bB HǶ2bTĕ+2

BMi`Q/mBi2 }MBi T�` /BbT�`�ŗi`2 U6B;m`2 8Xk URVVX S�` 2t2KTH2- +2H� TQm``�Bi āi`2 H2 +�b /�Mb H2b

/2mt b+ûM�`BQb /ǶBMi`Q;`2bbBQMb �/�Ti�iBp2bX § H� HmKBĕ`2 /2 H� i?ûQ`B2 /2b +HBM2b- +?�[m2 HQ+mb

p� �pQB` mM Ŀ +QKTQ`i2K2Mi ŀ /ûT2M/�Mi /m +QMi2ti2 /ûKQ;`�T?B[m2- û+QHQ;B[m2 2i bT�iB�HX

aǶ�DQmi2 ¨ +2H� H2 +QMi2ti2 ;ûMQKB[m2 /�Mb H2[m2H BH b2 i`Qmp2 UûTBbi�bB2V 2i H� +Q``ûH�iBQM �p2+

H2b HQ+mb T`Q+?2b bmBp�Mi HǶ�`+?Bi2+im`2 ;ûMQKB[m2 UHB�BbQMVX S`Bb 2Mb2K#H2- iQmb +2b T�`�Kĕi`2b

pQMi /ûi2`KBM2` H2 `ûbmHi�i /ǶmM ûpĕM2K2Mi /Ƕ�/KBtim`2 U6B;m`2 8XkVX

§ H� pm2 /2 HǶ2Mb2K#H2 /2b T�`�Kĕi`2b [mB +QMi`ƬH2Mi H2 bQ`i /ǶmM �HHĕH2 MQM M�iB7 U6B@

;m`2 8XkV- BH T�`�Bi p�BM /Ƕ2bTû`2` /Bb+mi2` /2 KQ/ĕH2b p2`#�mt /2 HǶ2Mb2K#H2 /2b b+ûM�`BQbX

�BMbB- D2 bQm?�Bi2 bBKTH2K2Mi bQmHB;M2` [m2H[m2b +�b TQbbB#H2b 2i [m2H[m2b HB2Mb �p2+ H� i?ûQ`B2

�+im2HH2- �}M /Ƕ2MpBb�;2` /2 MQmp2HH2b /B`2+iBQMb /2 `2+?2`+?2X G2b T�`�Kĕi`2b BM~m2MÏ�Mi H�

p�`B�iBQM /2 H� 7`û[m2M+2 �HHûHB[m2 bQMi MQM b2mH2K2Mi MQK#`2mt K�Bb BHb BMi2`�;Bbb2Mi �mbbB

H2b mMb �p2+ H2b �mi`2b TQm` +`û2` /2b +QMi2ti2b T�`iB+mHB2`bX .2 THmb- +2b +QMi2ti2b bQMi MQM

/ûi2`KBMBbi2b 2i bQmKBb ¨ H� biQ+?�biB+Biû #BQHQ;B[m2 U6B;m`2 8XkVX

G2b KQ/ĕH2b �v�Mi 2tTHQ`û H2b +QMi�+ib b2+QM/�B`2b 2i H� 7Q`K�iBQM /2b xQM2b /2 i2MbBQM

bQMi MQK#`2mt 2i QMi 2tTHQ`ûb H2b 2z2ib /2 #2�m+QmT /2 T�`�Kĕi`2b U"�xvFBM RNeN c aH�iFBM

2i J�`mv�K� RNd8 c "�`iQM RNdN- RN3j c SB�H2F 2i "�`iQM RNNd c "�`iQM 2i a?T�F kyyy c

"�`iQM 2i hm`2HHB kyRRVX GǶ2Mb2K#H2 /2 H� i?ûQ`B2 HBû2 ¨ HǶ?v#`B/�iBQM 2i �mt xQM2b /Ƕ?v#`B/�iBQM

bǶ�TTHB[m2 �m +QMi2ti2 /2b BMp�bBQMb �p2+ ?v#`B/�iBQMX *2T2M/�Mi- H2b BMi`Q/m+iBQMb T`ûb2Mi2Mi

/2b T�`�Kĕi`2b T�`iB+mHB2`bX § H� /Bzû`2M+2 /ǶmM +QMi�+i b2+QM/�B`2 2Mi`2 7`QMib /Ƕ2tT�MbBQM-

Qɍ /2b BM/BpB/mb T�`2Mi�mt KB;`2Mi /2 K�MBĕ`2 +QMiBMm2 /2b xQM2b 2ti2`M2b p2`b H� xQM2 /2

+QMi�+i- mM2 BMi`Q/m+iBQM T2mi āi`2 +QmTû2 /2 H� TQTmH�iBQM T�`2Mi�H2 BMBiB�H2 Qm M2 `2+2pQB`

ked



/2b T`QT�;mH2b [m2 /2 K�MBĕ`2 BMi2`KBii2Mi2X .2 THmb- /ǶmM TQBMi /2 pm2 /ûKQ;`�T?B[m2- H2b

+�b /ǶBMi`Q/m+iBQM T`ûb2Mi2Mi /2b p�`B�#BHBiûb BKTQ`i�Mi2b 2M i2`K2 /2 i�BHH2 2i /2 7`û[m2M+2

/2 T`QT�;mH2 UaBK#2`HQz kyyNVX *QMi`�B`2K2Mi ¨ mM +QMi�+i b2+QM/�B`2 +H�bbB[m2- HǶ�bvKûi`B2

/ûKQ;`�T?B[m2 T2mi āi`2 2ti`āK2X *2 T�`�Kĕi`2 T2mi BM~m2M+2` /2 7�ÏQM BKTQ`i�Mi2 H2 /2p2MB`

/Ƕ�HHĕH2b BMi`Q/mBib- ¨ H� 7QBb pB� HǶ�+iBQM /2 H� /û`Bp2 �m b2BM /2 H� TQTmH�iBQM BMi`Q/mBi2- T�` /2b

2z2ib /2 ivT2 /2MbBiû@/ûT2M/�M+2 U2z2i �HH22 ;ûMûiB[m2V- Qm /2b T?ûMQKĕM2b /Ƕ2Mp�?Bbb2K2Mi

U V ;ûMûiB[m2 T�` HǶ2bTĕ+2 M�iBp2X G� TQTmH�iBQM BMi`Q/mBi2 T2mi āi`2 BMBiB�H2K2Mi

T2iBi2- 2i mM �HHĕH2- KāK2 bûH2+iBQMMû TQbBiBp2K2Mi- �m`� /m K�H ¨ KQMi2` mM ;`�/B2Mi /2

/2MbBiûX G� T`2bbBQM /2 T`QT�;mH2 �TT�`�ŗi /�Mb +2 +QMi2ti2 BKTQ`i�Mi2- MQM b2mH2K2Mi /�Mb H�

T`Q#�#BHBiû /Ƕûi�#HBbb2K2Mi /ǶmM2 2bTĕ+2 BMi`Q/mBi2 U�bT2+i û+QHQ;B[m2- aBK#2`HQz kyyNV- K�Bb

�mbbB /�Mb H� #�H�M+2 +QMi`ƬH�Mi H2 MBp2�m /ǶBMi`Q;`2bbBQM [mB T2mi �pQB` HB2m 2Mi`2 HǶ2bTĕ+2

M�iBp2 2i HǶ2bTĕ+2 BMi`Q/mBi2- 2i +2+B /�Mb H2b /2mt b2MbX

G2 i`�p�BH /2 *m``�i 2i �HX Ukyy3V 2bi T�`iB+mHBĕ`2K2Mi BMiû`2bb�Mi ¨ +2i û;�`/X G2b �m@

i2m`b bǶBMiû`2bb2Mi ¨ HǶ2z2i /2 H� /ûKQ;`�T?B2 2i /m MBp2�m /2 `2T`Q/m+iBQM BMi2`bTû+B}[m2 bm`

HǶBMi`Q;`2bbBQM /2 K�`[m2m`b M2mi`2b /�Mb mM +QMi2ti2 /ǶBMp�bBQM- ¨ HǶ�B/2 /ǶmM KQ/ĕH2 bT�iB�H

2tTHB+Bi2X GǶmM2 /2 H2m`b +QM+HmbBQMb BKTQ`i�Mi2b 2bi [m2 HǶBMi`Q;`2bbBQM M2 b2 T`Q/mBi T`2b[m2

[mǶ2t+HmbBp2K2Mi /2 HǶ2bTĕ+2 M�iBp2 p2`b HǶ2bTĕ+2 BMi`Q/mBi2 /�Mb H2 T`Q+2bbmb /ǶBMp�bBQM- 2i +2

BM/ûT2M/�KK2Mi /2 H� i�BHH2 /2 TQTmH�iBQM `2H�iBp2X *2T2M/�Mi- +2 ivT2 /2 KQ/ĕH2 M2 T`2M/

2M +QKTi2 [m2 H2b �bT2+ib /ûKQ;`�T?B[m2 2i biQ+?�biB[m2X

SQm` HǶ�bT2+i 2KTB`B[m2- H2 bmBpB /2b TQTmH�iBQMb TQ`im�B`2b 2i H� +�`�+iû`Bb�iBQM /2b T�`�@

Kĕi`2b [mB +?�M;2Mi 2Mi`2 H2b KBHB2mt #BQiB[m2b 2i �#BQiB[m2b `2M+QMi`ûb b2`QMi T�`iB+mHBĕ`2K2Mi

BKTQ`i�MibX S�` 2t2KTH2- QM T2mi b2 /2K�M/2` [m2Hb T�`�Kĕi`2b bQMi HBûb �mt /Bzû`2M+2b /2 MB@

p2�m /ǶBMi`Q;`2bbBQM 2Mi`2 G2 >�p`2 2i /Ƕ�mi`2b TQ`ib +QKK2 *?2`#Qm`; UaBKQM 2i �HX kyRN#VX

1bi@+2 bBKTH2K2Mi mM2 p�`B�iBQM �Hû�iQB`2 Qm bQMi@2HH2b HBû2b ¨ mM +QMi2ti2 /ûKQ;`�T?B[m2

/Bzû`2Mi \ GǶQ#b2`p�iBQM /2 i2``�BM T2`K2i /2 /B`2 [m2 H2b TQTmH�iBQMb M�im`2HH2b M2

b2K#H2Mi T�b /2Mb2b �miQm` /2 *?2`#Qm`;- ¨ H� /Bzû`2M+2 /m TQ`i /m >�p`2X G� T`2bbBQM /2

KB;`�iBQM /2b M�iBp2b 2bi �HQ`b T2mi@āi`2 #2�m+QmT THmb BKTQ`i�Mi2 �m >�p`2 [mǶ¨

/Ƕ�mi`2b 2M/`QBibX

GǶmM2 /2b /B`2+iBQMb /2 `2+?2`+?2 TQbbB#H2 b2`�Bi HǶ�/�Ti�iBQM /2b KQ/ĕH2b /2 `û�+iBQM@

/BzmbBQM �mt +QMi2ti2b /2b BMp�bBQMb �p2+ ?v#`B/�iBQMX 1M 2z2i- +2 ivT2 /2 KQ/ĕH2 2bi /ûD¨

�m +ƾm` /2b i?ûQ`B2b /2b p�`B�iBQMb �HHûHB[m2b- /2b xQM2b /2 i2MbBQM 2i /2b p�;m2b /Ƕ�p�M+2

/2 H� #BQHQ;B2 /2b BMp�bBQMb U6Bb?2` RNjd c >�H/�M2 RN93 c _Q[m2b kyRjVX lM 2Mb2K#H2 /2

+QKTH2tB}+�iBQMb /2b KQ/ĕH2b- T`Qp2M�Mi /2b /Bzû`2Mib KBHB2mt /2 H� ;ûMûiB[m2 2i /2 HǶû+QHQ;B2-

TQm``�Bi āi`2 �TTHB[mû B+BX S�` 2t2KTH2- /2b +QMbB/û`�iBQMb /2 /2MbBiû@/ûT2M/�M+2 U2z2ib �HH22V

QMi /ûD¨ ûiû T`QTQbû2b T�` "�`iQM 2i hm`2HHB UkyRRVX G� KB;`�iBQM ;ûMQivT2@/ûT2M/�Mi2 �

�mbbB ûiû 2tTHQ`û2 T�` L�;vH�FB 2i JQQ/v URN3yV 2i LQp�F 2i EQHH�` UkyRdVX .�Mb H2 /QK�BM2

/2b p�;m2b /Ƕ�p�M+2 û+QHQ;B[m2b- H2b 2MpB`QMM2K2Mib ?ûiû`Q;ĕM2b U"2`2biv+FB 2i �HX kyy8�-# c

"2`2biv+FB 2i >�K2H kyRkV 2i H2b ûpĕM2K2Mib /2 KB;`�iBQM HQM;m2 /Bbi�M+2 U2M miBHBb�Mi /2b

MQv�mt ¨ [m2m2b HQm`/2b c 2X;X "�`iQM 2i hm`2HHB kyRRV QMi ûiû /ûp2HQTTûbX 1M}M- H� ;`�M/2
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K�DQ`Biû /2b KQ/ĕH2b /2 `û�+iBQM@/BzmbBQM +QMbB/ĕ`2 mM2 b2mH2 /BK2MbBQM bT�iB�H2 [mB- #B2M [m2

T2`K2ii�Mi mM2 �TT`QtBK�iBQM +Q``2+i2 /2 MQK#`2mt +�b- M2 T2`K2i T�b /Ƕ2tTHQ`2` iQmi2b H2b

+QM/BiBQMbX S�` 2t2KTH2- QM T2mi BK�;BM2` pQmHQB` 2tTHQ`2` H2b +QMbû[m2M+2b /Ƕ?ûiû`Q;ûMûBiûb

bT�iB�H2b 2M /2mt /BK2MbBQMb U+?�TBi`2 Ao /2 _Q[m2b kyRjVX

lM2 7QBb H� [m2biBQM /2b T?ûMQKĕM2b KQMQ@HQ+mb UQm ¨ mM 7�B#H2 MQK#`2 /2 HQ+mbV i`�Biû2-

BH TQm``�Bi v �pQB` mM MQmp2�m +?�M;2K2Mi /Ƕû+?2HH2- 2M T`QTQb�Mi mM2 BMiû;`�iBQM ;ûMQKB[m2

/2 +2b +QM+2Tib `2T`2M�Mi HǶ2Mb2K#H2 /2b i?ûQ`B2b TQHv;ûMB[m2b T`QTQbû2b /�Mb HǶûim/2 /2

HǶ�/KBtim`2 U+7X T�`iB2 8X9XRVX G2b #HQ+b /ǶBMi`Q;`2bbBQM T2mp2Mi p�`B2` UBV 2M i�BHH2 bmBp�Mi H�

`2+QK#BM�BbQM- UBBV 2M p�H2m` bûH2+iBp2 BMi`BMbĕ[m2 bmBp�Mi H2b p�`B�Mib [mB H2 +QKTQb2Mi- 2i

UBBBV 2M 7`û[m2M+2 ¨ mM TQBMi /2 HǶ2bT�+2 /QMMû bmBp�Mi H2m` 2z2i bûH2+iB7 BMi`BMbĕ[m2- H2m`

2MpB`QMM2K2Mi ;ûMQKB[m2 U¨ H� 7QBb /2 HB�BbQM 2i /ǶûTBbi�bB2V- HǶ2z2i /2 H� /û`Bp2- 2i 2M}M H�

KB;`�iBQM /2TmBb H2b /ĕK2b pQBbBMbX

1M �//BiBQM ¨ H2m`b BKT�+ib û+QHQ;B[m2b 2i ûpQHmiB7b /B`2+ib- H2b 2bTĕ+2b BMi`Q/mBi2b T2mp2Mi

�mbbB i`�MbK2ii`2 /2b T�`�bBi2b �miQ@biQTT2m`b �mt 2bTĕ+2b M�iBp2b U c hQ`+?BM 2i �HX

kyyk c S`2Mi2` 2i �HX kyy9VX aǶ�DQmi2 ¨ +2ii2 K2M�+2 H2 TQi2MiB2H /2b 2bTĕ+2b BMp�bBp2b ¨ /2p2MB`

/2b `ûb2`pQB`b TQm` /2b T�`�bBi2b M�iB7b U c E2HHv 2i �HX kyyNVX

lM MQmp2�m ivT2 /2 T�`�bBi2- mM +�M+2` i`�MbKBbbB#H2- � `û+2KK2Mi ûiû /û+Qmp2`i +?2x H2b

KQmH2b bTTX UJ2ix;2` 2i �HX kyReVX lM +�M+2` i`�MbKBbbB#H2 2bi mM2 HB;Mû2 +�M+û`2mb2

ûi�Mi T�bbû2 /ǶmM T�`�bBiBbK2 ¨ HǶû+?2HH2 /2 HǶBM/BpB/m ¨ +2HH2 /2 HǶ2bTĕ+2 UpQB` /2 THmbB2m`b

2bTĕ+2bVX lM +�M+2` +H�bbB[m2 b2 i`Qmp2 /�Mb mM +mH /2 b�+ ûpQHmiB7 ¨ H� KQ`i /2 bQM ?Ƭi2X

G2 +�M+2` i`�MbKBbbB#H2 � Tm û+?�TT2` ¨ +2 T`Q#HĕK2 T�` �+[mBbBiBQM /2 H� +�T�+Biû ¨ b2

i`�MbK2ii`2 /ǶmM BM/BpB/m ¨ mM �mi`2- bm`pBp�Mi �BMbB ¨ bQM 2tiBM+iBQMX *2 T?ûMQKĕM2 b2 i`�/mBi

T�` H� T`QHB7û`�iBQM- /�Mb mM BM/BpB/m /QMMû- /2 +2HHmH2b /ǶmM �mi`2 BM/BpB/m UpQB`2 /ǶmM2 �mi`2

2bTĕ+2VX

Cmb[mǶ¨ `û+2KK2Mi- MQmb T2MbBQMb H2b +�M+2`b i`�MbKBbbB#H2b /2b ûpĕM2K2Mib `�`2b Mû+2bbB@

i�Mi /2b +QM/BiBQMb i`ĕb T�`iB+mHBĕ`2bX G2b /2mt 2t2KTH2b +QMMmb ûi�B2Mi H2 +�M+2` i`�MbKBbbB#H2

/m +?B2M U*hohV 2i H2 +�M+2` /m /B�#H2 /2 h�bK�MB2 U.6hR 2i kVX G2 +�M+2` /m +?B2M 2bi mM2

HB;Mû2 +�M+û`2mb2 b2tm2HH2K2Mi i`�MbKBbbB#H2 [mB b2 T`QT�;2 /�Mb H2b TQTmH�iBQMb +�MBM2b /2@

TmBb 9yyy ¨ 38yy �Mb 2MpB`QM U"�2x@P`i2;� kyRNVX G2 +�M+2` /m /B�#H2 /2 h�bK�MB2 2bi- [m�Mi

¨ HmB- #2�m+QmT THmb `û+2Mi �p2+ mM2 T`2KBĕ`2 /2b+`BTiBQM 2M RNNe Uai�KKMBix 2i �HX kyR3VX

*2T2M/�Mi- +BM[ +�M+2`b i`�MbKBbbB#H2b bmTTHûK2Mi�B`2b QMi ûiû /û+Qmp2`ib +?2x /2b #Bp�Hp2b

K�`BMb UJ2ix;2` 2i :Qz kyRe c J2ix;2` 2i �HX kyReV- +QKT`2M�Mi mM2 2bTĕ+2 /m +QKTH2t2

- `2K2ii�Mi 2M [m2biBQM H2 +�`�+iĕ`2 BKT`Q#�#H2 /2 +2 T?ûMQKĕM2X

GǶQ#b2`p�iBQM /2 +2ii2 H2m+ûKB2 i`�MbKBbbB#H2 +?2x 2M *QHQK#B2 "`Bi�MMB[m2

keN



UJ2ix;2` 2i �HX kyReV MQmb � iQmi /Ƕ�#Q`/ 7�Bi `û�HBb2` [m2 +2`i�BM2b Q#b2`p�iBQMb /Ƕ�HHĕH2b

/�Mb MQb /QMMû2b 2m`QTû2MM2b TQmp�B2Mi āi`2 BMi2`T`ûiû2b ¨ H� HmKBĕ`2 /2 +2ii2

/û+Qmp2`i2 U_B[m2i 2i �HX kyRdVX LQmb �pQMb Tm KQMi`2` `û+2KK2Mi [mǶmM +�M+2` i`�MbKBbbB#H2

/ǶQ`B;BM2 �p�Bi Tm T�bb2` H� #�``Bĕ`2 /Ƕ2bTĕ+2b 2i ûi�Bi �mbbB T`ûb2Mi 2M 1m`QT2

U+?2x 2i V 2i �m *?BHB U+?2x c UuQM2KBibm 2i �HX kyRNVVX

GǶûim/2 /2 [m�i`2 HQ+mb /2b HB;Mû2b +�M+û`2mb2b � T2`KBb /2 K2ii`2 2M ûpB/2M+2 [m2 UBV H2b

+�M+2`b i`�MbKBbbB#H2b /m *?BHB 2i /Ƕ1m`QT2 QMi /2b �HHĕH2b [m�bBK2Mi B/2MiB[m2b- KQMi`�Mi mM2

Q`B;BM2 +QKKmM2 `û+2Mi2- 2i [m2 UBBV +2ii2 MQmp2HH2 HB;Mû2 2bi /Bzû`2Mi2 /2 +2HH2 /ûD¨ B/2MiB}û2

2M *QHQK#B2 "`Bi�MMB[m2 UuQM2KBibm 2i �HX kyRNVX

lM2 /2b ?vTQi?ĕb2b bm` H� i`�MbKBbbBQM /m +�M+2` i`�MbKBbbB#H2 2Mi`2 BM/BpB/mb

2bi [m2 H� HB;Mû2 +HQM�H2 M2 b2 T`QT�;2 T�b p2`iB+�H2K2MiX �BMbB- BH 7�m/`�Bi mM i`�Mb72`i /2

+2HHmH2b +�M+û`2mb2b /ǶmM BM/BpB/m ¨ HǶ�mi`2- T`Q#�#H2K2Mi pB� H2 KBHB2m 2tiû`B2m` T�` }Hi`�iBQMX

*2 KQ/2 /2 i`�MbKBbbBQM Mû+2bbBi2 T`Q#�#H2K2Mi mM2 +2`i�BM2 T`QtBKBiû /2b BM/BpB/mbX �BMbB- H�

T`ûb2M+2 /ǶmM2 KāK2 HB;Mû2 +�M+û`2mb2 /�Mb /2b TQTmH�iBQMb i`ĕb /Bbi�Mi2b U*?BHB 2i 1m`QT2V-

MǶ�v�Mi T�b û+?�M;û /2 KB;`�Mib M�im`2Hb /2TmBb �m KQBMb Ry yyy �Mb- `2[mB2`i HǶ?vTQi?ĕb2

[m2 /2b KQmH2b BMi`Q/mBi2b �B2Mi DQmû H2 `ƬH2 /2 p2+i2m`X *2ii2 ?vTQi?ĕb2 `2[mB2`i û;�H2K2Mi

H� T`QtBKBiû /2b KQmH2b ûK2ii`B+2b �mt p2+i`B+2b U2X;X 2M 1m`QT2V TmBb H� T`QtBKBiû /2b KQmH2b

p2+i`B+2b �mt `2+2p2mb2b U2X;X �m *?BHBVX �BMbB- H2b TQ`ib �TT�`�Bbb2Mi +QKK2 mM 2MpB`QMM2K2Mi

T�`iB+mHBĕ`2K2Mi T`QTB+2 ¨ +2 ivT2 /2 i`�Mb72`iX

*2ii2 ?vTQi?ĕb2 bQmHĕp2 /2 MQmp2HH2b [m2biBQMb bm` HǶBKT�+i /2b KQmH2b /2b /Q+Fb 2i mM

TQi2MiB2H `ƬH2 /�Mb H� /BbT2`bBQM /m +�M+2` i`�MbKBbbB#H2 , G2b KQmH2b /2b /Q+Fb T2mp2Mi@2HH2b

āi`2 /2b p2+i2m`b /m +�M+2` i`�MbKBbbB#H2 \ aQMi@2HH2b THmb Qm KQBMb bmb+2TiB#H2b �m +�M+2` [m2

/Ƕ�mi`2b HB;Mû2b \ *2ii2 bmb+2TiB#BHBiû 2M 7�Bi@2HH2 /2b `ûb2`pQB`b HQ+�mt \ hQmi2b +2b [m2biBQMb

M2 TQm``QMi āi`2 i`�Biû2b [mǶ�T`ĕb mM2 +QKT`û?2MbBQM ¨ H� 7QBb /2 HǶû+QHQ;B2 2i /2 H� /BbT2`@

bBQM /2b KQmH2b /2b /Q+Fb- /2 H� bmb+2TiB#BHBiû /2b /Bzû`2Mi2b 2bTĕ+2b /2 KQmH2b �m +�M+2`-

K�Bb û;�H2K2Mi /2 H� +QKT`û?2MbBQM /2b Kû+�MBbK2b /ǶBM72+iBQM 2i /2 /BbT2`bBQM /m +�M+2`

i`�MbKBbbB#H2 /�Mb H2 +QKTH2t2 /Ƕ2bTĕ+2b X

kdy
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1M +QM+HmbBQM- +2 i`�p�BH /2 i?ĕb2 `2M7Q`+2 HǶB/û2 [m2 H2 +QKTH2t2 /Ƕ2bTĕ+2b /2b KQmH2b

#H2m2b U V 2bi mM KQ/ĕH2 K�`BM i`ĕb BKTQ`i�Mi TQm` HǶûim/2 /2 H� bTû+B�iBQM 2i /2

HǶ?v#`B/�iBQMX LQM +QMi2Mi /2 +QKTQ`i2` /2 MQK#`2mt MBp2�mt /2 /Bzû`2M+B�iBQM BHHmbi`�Mi H�

+QMiBMmBiû /2 H� bTû+B�iBQM- +2 KQ/ĕH2 T`ûb2Mi2 mM2 /Bp2`bBiû BKTQ`i�Mi2 /2 +QMi�+ib b2+QM/�B`2b

2M i2`K2 /Ƕ�;2b 2i /2 +QMi2ti2b- 2Mi`2 HǶ2Mb2K#H2 /2b 2bTĕ+2b H2 +QMbiBim�MiX GǶûim/2 /2b

xQM2b /Ƕ?v#`B/�iBQM /m +QKTH2t2 /Ƕ2bTĕ+2b - �v�Mi /ûD¨ H�`;2K2Mi +QMi`B#mû T�`

H2 T�bbû ¨ H� +QKT`û?2MbBQM /2b Kû+�MBbK2b /ǶBbQH2K2Mi `2T`Q/m+iB7- +QMiBMm2 /2 MQm``B` /2

MQmp2�mt [m2biBQMM2K2Mib HBûb �mt BMi`Q;`2bbBQMb HQ+�H2b 2i �m K�BMiB2M /2b xQM2b /2 i2MbBQM 2M

KBHB2m K�`BMX 1M 2z2i- K�H;`û H� /2b+`BTiBQM /ǶmM 2Mb2K#H2 T`2b[m2 2t?�mbiB7 /2b TQTmH�iBQMb

/2 HǶ?ûKBbT?ĕ`2 MQ`/- MQmb +QMiBMmQMb ¨ /û+Qmp`B` /2 MQmp2HH2b HB;Mû2b- /2 MQmp2HH2b xQM2b

/Ƕ?v#`B/�iBQM 2i /2 MQmp2HH2b TQTmH�iBQMb 7Q`i2K2Mi BMi`Q;`2bbû2bX

.2b THmb- H2 KQ/ĕH2 /2b KQmH2b 2bi bQm`+2 /2 MQK#`2mb2b BMi`Q/m+iBQMb 2i BMp�bBQMb ¨

HǶû+?2HH2 KQM/B�H2- MQi�KK2Mi T�` HǶ2bTĕ+2 X *2b BMi`Q/m+iBQMb T`Q/mBb2Mi

/2b +QMi�+ib b2+QM/�B`2b `û+2Mib- T�`iB+mHBĕ`2K2Mi BMiû`2bb�Mib TQm` 2tTHQ`2` H� T?�b2 BMBiB�H2 /2

+2mt@+BX G2b BMi`Q/m+iBQMb �v�Mi T`Q/mBi H2b KQmH2b /2b /Q+Fb- +�`�+iû`Bbû2b /�Mb +2ii2 i?ĕb2-

bQMi T�`iB+mHBĕ`2K2Mi 7�b+BM�Mi2bX 1HH2b MQmb T2`K2ii2Mi /Ƕ2tTHQ`2` /2b [m2biBQMb ûpQHmiBp2b

2M `2;�`/�Mi H2b T�i`QMb /2 `ûbQHmiBQM /2 HǶ�/KBtim`2 2i 2M H2b +QKT�`�Mi ¨ /2b ûpĕM2K2Mib

bBKBH�B`2bX .ǶmM �mi`2 +Ƭiû- 2HH2b TQm``QMi �mbbB �TTQ`i2` /ǶBKTQ`i�Mi2b `ûTQMb2b �m /QK�BM2 /2

H� #BQHQ;B2 /2b BMp�bBQMb bm` /2b [m2biBQMb `û+m``2Mi2b , Zm2H 2bi H2 `ƬH2 /2 H� /Bp2`bBiû ;ûMûiB[m2

/�Mb H2b TQi2MiB2Hb /Ƕûi�#HBbb2K2Mi 2i /ǶBMp�bBQM \ Zm2H 2bi H2 `ƬH2 /2b BMi`Q;`2bbBQMb �/�Ti�iBp2b

/�Mb HǶBMp�bBQM \ 1M}M- HǶûim/2 /2 HǶû+QHQ;B2 /2b KQmH2b /2b /Q+Fb b2`� mM2 ûi�T2 +Hû /�Mb H�

+QKT`û?2MbBQM /2b 7�+i2m`b H2m` T2`K2ii�Mi /2 T`QbTû`2` �m +ƾm` /2 KBHB2mt �Mi?`QTBbûb Qm

+2mt H2b 2KTā+?�Mi /2 +QHQMBb2` 2M ;`�M/ MQK#`2 H2 KBHB2m M�im`2HX GǶûim/2 /2b TQTmH�iBQMb

2ti2`M2b �mt TQ`ib 2M `�/2 /2 "`2bi b2`� 2bb2MiB2HH2 �}M /2 `ûTQM/`2 ¨ mM2 [m2biBQM +2Mi`�H2 ,

Zm2HH2b bQMi H2b T�`ib BMi`BMbĕ[m2b 2i 2ti`BMbĕ[m2b +QMi`ƬH�Mi HǶ�p�M+2 /2b KQmH2b /2b /Q+Fb \

aB BH v � #B2M mM K2bb�;2 BKTQ`i�Mi ¨ `2i2MB` /2 +2ii2 i?ĕb2- HQ`b[m2 HǶQM `2;�`/2 H2b

T�i`QMb /Ƕ�/KBtim`2 2i H2b Kû+�MBbK2b /ǶBbQH2K2Mi `2T`Q/m+iB7b- +Ƕ2bi [m2 H� pBbBQM Ŀ ;ĕM2 /2

bTû+B�iBQM ŀ M2 bm{i THmb TQm` 2tTHB[m2` HǶ�++mKmH�iBQM /2 T`2mp2b /m +�`�+iĕ`2 2ti`āK2K2Mi

TQHv;ûMB[m2 /2 +2b T`Q+2bbmbX AH 7�mi /QM+ �++QKT�;M2` H� `ûpQHmiBQM ;ûMQKB[m2- T`Q/mBb�Mi

mM2 `ûbQHmiBQM iQmDQm`b THmb ;`�M/2- /ǶmM2 `ûpQHmiBQM /2 H� i?ûQ`B2 �}M /Ƕ2M;HQ#2` +2ii2 MQmp2HH2

pBbBQM QKMB;ûMB[m2 /2 H� bTû+B�iBQMX

kdR
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/m DQm`M�H bm` H� T`Bb2 2M +QKTi2 /2 H� bûH2+iBQM �mt bBi2b HBûb /�Mb H2b

BM7û`2M+2b /ûKQ;`�T?B[m2bX

�X aBKQM 2i JX .m`�MiQM UkyR3VX Ŀ .B;2bi , .2KQ;`�T?B+ AM72`2M+2b �++QmMiBM; 7Q` a2@

H2+iBQM �i GBMF2/ aBi2b ŀX X ,
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Complex demography and selection at linked sites can generate spurious signatures of divergent selection. Unfortunately, many

attempts at demographic inference consider overly simple models and neglect the effect of selection at linked sites. In this issue,

Rougemont and Bernatchez (2018) applied an approximate Bayesian computation (ABC) framework that accounts for indirect

selection to reveal a complex history of secondary contacts in Atlantic salmon (Salmo salar) that might explain a high rate of

latitudinal clines in this species.

Identifying signatures of selection within genomes is a long-

standing objective in evolutionary biology. This quest is com-

plicated by factors such as species’ demographic history, which

has long been recognized for its potential to produce footprints

that mimic selection. Secondary contacts, for instance, can gener-

ate clines in allele frequencies correlated with spatial variation in

ecological factors that may be interpreted incorrectly as represent-

ing local adaptation to an environmental gradient (Fig. 1). More

recently, selection at linked sites has received particular attention

as another confounding mechanism that generates genomic re-

gions of increased divergence between populations as expected in

the presence of divergent selection (Fig. 1B). Furthermore, selec-

tion at linked sites seems to affect a sufficiently large fraction of

the genome of many species and challenges the basic assumption

that most loci evolve neutrally. Despite those issues, few studies

have attempted to include the effects of selection at linked sites

in demographic divergence models (Roux et al. 2016; Rougeux

et al. 2017).

In this issue, Rougemont and Bernatchez (2018) present an

inference of the demographic history of Atlantic salmon (Salmo

salar) populations using a dataset of 5034 SNPs genotyped in

∗These authors are cofirst authors.

†This article corresponds to Rougemont Q., L. Bernatchez. 2018 The de-

mographic history of Atlantic Salmon (Salmo salar) across its distribution

range reconstructed from Approximate Bayesian Computations. Evolution.

https://doi.org/10.1111/evo.13486.

77 populations covering the whole species’ range. They first

reassessed the population structure and confirmed the existence

of genetic subdivision among regions. They then used an

approximate Bayesian computation (ABC) method to compare

demographic scenarios with various histories of gene flow, includ-

ing divergence with migration, ancient migration, and secondary

contact.

ABC avoids the explicit computation of likelihood, allow-

ing users to choose the most appropriate summary statistics to

be combined for model selection. This approach allows users to

evaluate more complex and flexible models compared to other

inference methods. Furthermore, ABC can be coupled with ma-

chine learning, which is well adapted to high-dimensional data.

Although selection was not explicitly simulated in this study,

the implemented models build on the theoretical predictions that

selection against introgression locally reduces the effective mi-

gration rate between populations (Barton and Bengtsson 1986),

whereas selection at linked sites enhances the effect of drift by

locally reducing the effective population size (Charlesworth et

al. 1993). Even if selection at linked sites can be either positive

(through selective sweeps) or negative (through background se-

lection), these two mechanisms both reduce neutral nucleotide

diversity over time.

Using this modeling framework, Rougemont and Bernatchez

(2018) provide a new perspective on the evolutionary history of a

widely studied system in which a complex demographic history

1
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Figure 1. The fate of polymorphisms affected by different processes before and after admixture. Each color represents a different locus

affected by a specific process during divergence (i.e., between Tsplit and Tcontact) and secondary contact. Plots represent allele frequency

clines across space, where populations 1 and 2 occupy different parts of an environmental gradient. The red arrows point to the time when

cline patterns are observed. Since they are evolving under different processes, loci reach various levels of divergence and experience

different levels of gene flow. (A) During divergence, differentiation builds up by either selection or genetic drift. Local adaptation (green)

and reproductive isolation (blue) alleles rapidly increase in frequency in one population and decrease in the other. Loci under selection

at linked sites (orange) diverge more rapidly than neutral ones (violet) because linked selection locally reduces the effective population

size, which increases genetic drift. (B) During the contact, gene flow rapidly erodes the differentiation of the neutral and linked selected

loci, but the cline of the second is steeper because it was more differentiated. Local adaptation loci experience reduced gene flow, and

their clines are fixed by the environment. The reproductive isolation cline rapidly converged with the local adaptation cline. Clines of

reproductive isolation and selection at linked sites can therefore be mistaken for local adaptation if these processes have not been taken

into account when performing demographic inferences.

may confound the detection of local adaptation. A scenario of

secondary contacts was favored both between and within Ameri-

can and European Atlantic salmon populations, providing strong

evidence for a reticulated demographic history. This work empha-

sizes the importance of identifying a null model of demographic

history for a given species that accounts for both population struc-

ture and selection at linked sites. Future studies seeking to identify

signatures of divergent selection in natural populations will need

to take into account variation in effective population size both

in time and along the genome. Finally, this study illustrates the

flexibility of ABC demographic inferences to account for dataset

particularities such as the ascertainment bias in SNP chip arrays,

confirming that this approach could be widely applied to many

nonmodel species.

Future studies would benefit from going a step further

toward modeling the whole picture of the demographic history by

considering more populations simultaneously. This goal could be

achieved within an ABC framework, because population structure

and phylogeography of Atlantic salmon are now well known.

However, for species for which there is no a priori knowledge

about population history, considering a large number of popula-

tions (meaning an exponentially large number of alternative sce-

narios) can quickly become intractable in terms of computational

time. One way forward could be to use non-ABC methods with

2 EVOLUTION 2018
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minimal assumptions (e.g., Minimal-Assumption Genomic In-

ference of Coalescence, Weissman and Hallatschek 2017; or Ap-

proximate Blockwise Likelihood Estimation, Reddy et al. 2017).

Such methods would capture the key aspects of populations’

history and provide the starting point for further refinements.

Those methods also have the potential to incorporate the afore-

mentioned confounding factors such as selection at linked sites. In

conclusion, an important prerequisite before starting to uncover

signatures of divergent selection is to identify a relevant null model

of demographic history accounting for indirect selective effects.
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R S`Q+2bbmb /2 bTû+B�iBQM 2i #�``Bĕ`2b �mt ~mt /2 ;ĕM2b X X X X X X X X X X X X X j
k a+ûM�`BQb /ûKQ;`�T?B[m2b /ǶBbQH2K2Mi X X X X X X X X X X X X X X X X X X X X X 9
j JQ/ĕH2 ".JA X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3
9 hvTQHQ;B2 /m T`Q+2bbmb /ǶBMp�bBQM #BQHQ;B[m2 X X X X X X X X X X X X X X X X X X Rj
8 *H�bbB}+�iBQM /2 HǶBKT�+i /2b BMp�bBQMb X X X X X X X X X X X X X X X X X X X X X Rj
e oQB2b /ǶBMi`Q/m+iBQM 2M KBHB2m K�`BM X X X X X X X X X X X X X X X X X X X X X X R9
d S?QiQ;`�T?B2b /2b i`QBb 2bTĕ+2b /ǶBMiû`āi X X X X X X X X X X X X X X X X X X X X R3
3 .Bbi`B#miBQM /m +QKTH2t2 /Ƕ2bTĕ+2 X X X X X X X X X X X X X X X X X X ky
N _2H�iBQMb T?vHQ;ûMûiB[m2b b+?ûK�iB[m2b /m +QKTH2t2 X X X X X X X X kR
Ry wQM2 ;`Bb2 /2 H� bTû+B�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X k9

kXR .Bbi`B#miBQM M�im`2HH2 /2b KQmH2b /�Mb H2 MQ`/ /2 H� 6`�M+2 X X X X X X X X X X dN

9XR h`�D2+iQB`2 /2 `ûbQHmiBQM /ǶmM2 ".JA X X X X X X X X X X X X X X X X X X X X X X ky3

8XR �*S /2 HǶ2Mb2K#H2 /2b /QMMû2b +QHH2+iû2b /m`�Mi H� i?ĕb2 X X X X X X X X X X X k83
8Xk G2b 7�+i2m`b +QMi`ƬH�Mi H2 /2p2MB` /ǶmM �HHĕH2 MQM M�iB7 X X X X X X X X X X X X X ked

R G2b BMi`Q/m+iBQMb /2 X X X X X X X X X X X X X X X X X X X X k3

R 1M+�/`û R , "�b2b KQHû+mH�B`2b /2 H� /Bzû`2M+B�iBQM ;ûMûiB[m2 X X X X X X X X X e
k 1M+�/`û k , AM+QKT�iB#BHBiû /2 "�i2bQM@.Q#x?�MbFv@JmHH2` U".JAV X X X X X X 3
j 1M+�/`û j , H� /B�bTQ`� X X X X X X X X X X X X X X X X X X X X X X X X X kN
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GǶ�HHQT�i`B2 +Q``2bTQM/ ¨ H� bBim�iBQM Qɍ /2mt i�tQMb QMi mM2 �B`2 /2 /Bbi`B#miBQM MQM
+?2p�m+?�Mi2X 9

�##`ûpB�iBQM /2 X .ûbB;M2 mM `ûi`Q@+`QBb2K2Mi- +Ƕ2bi@¨@/B`2 H2 +`QBb2K2Mi 2Mi`2
mM ?v#`B/2 U;ûMû`�H2K2Mi mM 6RV 2i mM BM/BpB/m /ǶmM2 /2b /2mt TQTmH�iBQMb T�`2Mi�H2bX
PM /ûbB;M2 bQmp2Mi H2 MQK#`2 /2 ;ûMû`�iBQMb /2 `ûi`Q+`QBb2K2Mi T�` mM MQK#`2- T�`
2t2KTH2 mM "*R b2`� H� T`2KBĕ`2 ;ûMû`�iBQM /2 `ûi`Q@+`QBb2K2Mi 2Mi`2 mM 6R 2i HǶmM2 /2b
TQTmH�iBQMb T�`2Mi�H2bX k- d- jy- jR- Rde- kjR

Zm�HB}2 mM2 2bTĕ+2 KQ`T?QHQ;B[m2K2Mi i`ĕb T`Q+?2 /ǶmM2 Qm THmbB2m`b �mi`2b 2bTĕ+2b 2i
MǶûi�Mi T�b `2+QMMm2 i�tQMQKB[m2K2MiX 1HH2 b�iBb7�Bi +2T2M/�Mi mM +2`i�BM MQK#`2 /2
+`Biĕ`2b /2 ¨ HǶmM2 /2b /û}MBiBQMb /2 HǶ2bTĕ+2- 2X;X mM2 /Bp2`;2M+2 ;ûMûiB[m2 ûH2pû2- mM2
�#b2M+2 /2 ~mt /2 ;ĕM2b Qm mM BbQH2K2Mi `2T`Q/m+iB7 T`û@ Qm TQbi@xv;QiB[m2X R9- d3

Zm�HB}2 mM2 2bTĕ+2 TQm` H�[m2HH2 H2 +�`�+iĕ`2 M�iB7 Qm BMi`Q/mBi M2 T2mi T�b āi`2 /ûi2`KBMû
/2 K�MBĕ`2 }�#H2- pQB` *�`HiQM URNNeV 2i *�`HiQM UkyyNVX R9

1M KQ/ûHBb�iBQM- /ûbB;M2 mM2 TQTmH�iBQM T�MKB+iB[m2X G2b /ĕK2b bQMi bQmp2Mi miBHBbûb
�}M /2 /Bb+`ûiBb2` HǶ2bT�+2 2M /2b mMBiûb ?QKQ;ĕM2b /�Mb H2b[m2HH2b QM T2mi miBHBb2` mM
+2`i�BM MQK#`2 /2 KQ/ĕH2b +H�bbB[m2b /2 H� ;ûMûiB[m2 /2b TQTmH�iBQMbX kj8

.ûbB;M2 H2 +`QBb2K2Mi /2 T`2KBĕ`2 ;ûMû`�iBQM 2Mi`2 /2mt BM/BpB/mb T�`2Mi�mtX .�Mb mM2
2bTĕ+2 /BTHQś/2- mM BM/BpB/m 6R M2 +QMiB2Mi T�b /2 `2+QK#BM�BbQM 2Mi`2 H2b /2mt ;ûMQK2b
T�`2Mi�mt 2i 2bi ?ûiû`Qxv;Qi2b bm` iQmb H2b HQ+mb }tûb 2Mi`2 H2b /2mt TQTmH�iBQMbX 9- d- 3-
Re- jy- jR- kkN

.ûbB;M2 H2 +`QBb2K2Mi /2 b2+QM/2 ;ûMû`�iBQM- 2Mi`2 /2mt 6RX d- jy- jR- Rde- Rdd- kjR

�##`ûpB�iBQM /2 X .ûbB;M2 HǶûim/2 /2 H� +Q``ûH�iBQM 2Mi`2
/2b p�`B�Mib ;ûMQKB[m2b 2i /2b i`�Bib T?ûMQivTB[m2bX N- Rde

kdN



�m;K2Mi�iBQM 2M 7`û[m2M+2 /2 HǶ�HHĕH2 /ǶmM2 �mi`2 2bTĕ+2 UQm HB;Mû2V /�Mb mM2 2bTĕ+2
7Q+�H2X S`Q+2bbmb T`Q/mBi T�` HǶ?v#`B/�iBQM 2Mi`2 H2b /2mt 2bTĕ+2b- TmBb T�` H2 `ûi`Q@
+`QBb2K2Mi �p2+ HǶ2bTĕ+2 7Q+�H2X G2 i2`K2 T2mi �mbbB #B2M b2`pB` TQm` /ûbB;M2` mM2 �m;@
K2Mi�iBQM ;HQ#�H2 bm` HǶ2Mb2K#H2 /m ;ûMQK2- [m2 TQm` mM2 T2iBi2 `û;BQM ;ûMQKB[m2 2M
T�`iB+mHB2`XX BBB- 3- Ry- RR- RdĜRN- kRĜkj- kd- jR- jjĜj8- RdjĜRd8- kkd- kkNĜkj8- kjd

a2 /Bi /ǶmM ;ûMQK2 /QMi QM b�Bi bm` [m2H +?`QKQbQK2 ?QKQHQ;m2 b2 i`Qmp2 H2b �HHĕH2b
UbQBi T�i2`M2H- bQBi K�i2`M2HVX *2+B +Q``2bTQM/ /QM+ ¨ H� `2+QMbi`m+iBQM /2b ?�THQivT2b
T�i2`M2Hb 2i K�i2`M2HbX G� T?�b2 T2mi āi`2 Q#i2Mm2 T�` /2b Kûi?Q/2b bi�iBbiB[m2b Qm T�`
bû[m2MÏ�;2 /2b ;ûMQK2b T�`2Mi�mtXX Ry

1M #BQHQ;B2 /2b BMp�bBQMb- /ûbB;M2 mM ;`QmT2 /ǶBM/BpB/mb ûi�Mi BMi`Q/mBib 2Mb2K#H2 2M
mM KāK2 TQBMi /m i2KTb 2i /2 HǶ2bT�+2X G� T`2bbBQM /2 T`QT�;mH2 2bi H2 MQK#`2 iQi�H
/ǶBM/BpB/mb BMi`Q/mBib 2M mM TQBMi /QMMû Ui�BHH2 /2 T`QT�;mH2V 2i H2m` 7`û[m2M+2 UMQK#`2
/2 T`QT�;mH2bVX RR

G� bvKT�i`B2 +Q``2bTQM/ ¨ H� bBim�iBQM Qɍ /2mt i�tQMb QMi mM2 �B`2 /2 /Bbi`B#miBQM +QK@
KmM2X kj- k8- kk8

h2`K2 miBHBbû MQi�KK2Mi 2M #BQHQ;B2 /2b BMp�bBQMb TQm` /ûbB;M2` H� T`QT�;�iBQM /ǶmM2
2bTĕ+2 Qm /ǶmM ;ûMQivT2 /�Mb HǶ2bT�+2- /QMi H� /Bbi`B#miBQM /2 /2MbBiû `2bb2K#H2 ¨ mM2
p�;m2 /m`�Mi H� T`QT�;�iBQMX Rd- kjy- kj9

1bTû`�M+2 /2 H� +QMi`B#miBQM `2H�iBp2 �mt ;ûMû`�iBQMb miHû`B2m`2b /ǶmM2 +H�bb2 U�HHĕH2- ;û@
MQivT2- +H�bb2 T?ûMQivTB[m2VX 1HH2 2bi 2biBKû2- bmBp�Mi H2b bBim�iBQMb- T�` mM2 Qm THmbB2m`b
+QKTQb�Mi2b Ubm`pB2- 72`iBHBiû- MQK#`2 /2 /2b+2M/�Mib ¨ H� ;ûMû`�iBQM bmBp�Mi2- 2i+XV �b@
bQ+Bû2b ¨ H� +H�bb2 +QMbB/û`û2 U 2M �M;H�BbVX hB`û /2 h?QK�b 2i �HX kyReX Bp- RĜj-
eĜN- Re- jR- Rd8- Rdd- kkd- kkN- kj8

.ûbB;M2 HǶ�m;K2Mi�iBQM /2 H� p�H2m` bûH2+iBp2 /ǶmM ?v#`B/2 +QKT�`û ¨ HǶ�ii2M/m b�+?�Mi
H� p�H2m` bûH2+iBp2 /2b /2mt T�`2MibX d

.ûbB;M2 H� KQ/B}+�iBQM /2 HǶ2z2i U2tT`2bbBQMV /ǶmM HQ+mb T�` mM UQm THmbB2m`bV �mi`2b
HQ+mbX GǶûTBbi�bB2 T2mi āi`2 +QKT`Bb +QKK2 HǶ2z2i /m 7QM/ ;ûMûiB[m2 bm` mM HQ+mbX k- 3-
N- jy- jR- Rde
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�##Qii- _X CX URNNkVX Ŀ SH�Mi AMp�bBQMb- AMi2`bT2+B}+ >v#`B/Bx�iBQM �M/ i?2 1pQHmiBQM Q7 L2r
SH�Mi h�t� ŀX dXRk- TX 9yR@9y8X ,

X
�##Qii- _X CX 2i �HX UkyRjVX Ŀ >v#`B/Bx�iBQM �M/ aT2+B�iBQM ŀX

keXk- TX kkN@k9eX , X
�?K�/- JX 2i CX �X "2�`/KQ`2 URNdeVX Ŀ :2M2iB+ 1pB/2M+2 h?�i i?2 ǴS�/biQr Jmbb2HǴ Ab

ŀX j8Xk- TX RjN@R9dX , X
�?vQM;- aX 2i �HX UkyR3VX Ŀ qQ`H/ _2;Bbi2` Q7 AMi`Q/m+2/ J�`BM2 aT2+B2b Uq_BJaV ŀX ,

X
�HH2M/Q`7- 6X qX- _X 6X G2�`v- SX aT`m2HH 2i CX EX q2M#m`; UkyyRVX Ŀ h?2 S`Q#H2Kb rBi? >v#`B/b ,

a2iiBM; *QMb2`p�iBQM :mB/2HBM2b ŀX ReXRR- TX eRj@ekkX ,
X

�M/2`bQM- �X aX- �X GX "BHQ/2�m- JX _X :BH; 2i hX CX >BH#Bb? UkyykVX Ŀ _Qmi2b Q7 AMi`Q/m+iBQM Q7
i?2 J2/Bi2``�M2�M Jmbb2H U V iQ Sm;2i aQmM/ �M/ >QQ/ *�M�H ŀX

kRXR- TX d8@dNX
�M/2`bQM- 1X URN93VX Ŀ >v#`B/Bx�iBQM Q7 i?2 >�#Bi�i ŀX kXR- TX R@NX ,

X
�M/2`bQM- 1X 2i :X GX ai2##BMb URN89VX Ŀ >v#`B/Bx�iBQM �b �M 1pQHmiBQM�`v aiBKmHmb ŀX

3X9- TX jd3@j33X , X
�MiiBH�- *X- _X EBM;- *X 62``Bb- .X �v`2b 2i .X ai`QM; UkyyyVX Ŀ _2+BT`Q+�H >v#`B/ 6Q`K�iBQM

Q7 aT�`iBM� BM a�M 6`�M+Bb+Q "�v ŀX NXe- TX de8@ddyX
�TT2Hi�Mb- qX 2i �HX UkyRkVX Ŀ h?2 J�;MBim/2 Q7 :HQ#�H J�`BM2 aT2+B2b .Bp2`bBiv ŀX

kkXkj- TX kR3N@kkykX , X
�Ti2- aX- "X aX >QHH�M/- GX aX :Q/rBM 2i CX SX �X :�`/M2` UkyyyVX Ŀ CmKTBM; a?BT , � ai2TTBM;

aiQM2 1p2Mi J2/B�iBM; h`�Mb72` Q7 � LQM@AM/B;2MQmb aT2+B2b pB� � SQi2MiB�HHv lMbmBi�#H2
1MpB`QMK2Mi ŀX kXR- TX d8@dNX , X

�`�M2/�- *X- JX �X G�``�őM- "X >2+?i 2i aX L�`mK UkyReVX Ŀ �/�TiBp2 :2M2iB+ o�`B�iBQM .BbiBM@
;mBb?2b *?BH2�M "Hm2 Jmbb2Hb U V 7`QK .Bz2`2Mi J�`BM2 1MpB`QMK2Mib ŀX

eXRR- TX jejk@je99X , X

"�2x@P`i2;�- �X UkyRNVX Ŀ aQK�iB+ 1pQHmiBQM �M/ :HQ#�H 1tT�MbBQM Q7 �M �M+B2Mi h`�MbKBb@
bB#H2 *�M+2` GBM2�;2 ŀX je8- 2��mNNkjX

"�BH2v- aX �X UkyR8VX Ŀ �M Pp2`pB2r Q7 h?B`iv u2�`b Q7 _2b2�`+? QM "�HH�bi q�i2` �b � o2+iQ`
7Q` �[m�iB+ AMp�bBp2 aT2+B2b iQ 6`2b?r�i2` �M/ J�`BM2 1MpB`QMK2Mib ŀX

R3Xj- TX keR@ke3X , X
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"�`F2`- "X aX- CX 1X *Q+BQ- aX _X �M/2`bQM- CX 1X "`��b+?- 6X �X *�M;- >X .X :BHH2ii2 2i
EX JX .Hm;Qb+? UkyR3VX Ŀ SQi2MiB�H GBKBib iQ i?2 "2M2}ib Q7 �/KBtim`2 /m`BM; "BQHQ;B+�H
AMp�bBQM ŀX X , X

"�`bQiiB- :X 2i *X J2HmxxB URNe3VX Ŀ Pbb2`p�xBQMB am JviBHmb 1/mHBb HX 2 JviBHmb :�HHQT`QpBM+B�HBb
G�K�`+F ŀX 9- TX 8y@83X

"�`iQM- LX >X 2i :X JX >2rBii URN3RVX Ŀ h?2 :2M2iB+ "�bBb Q7 >v#`B/ AMpB�#BHBiv BM i?2 :`�b@
b?QTT2` SQ/BbK� S2/2bi`Bb ŀX 9dXj- TX jed@j3jX , X

"�`iQM- LX >X URNdNVX Ŀ h?2 .vM�KB+b Q7 >v#`B/ wQM2b ŀX 9jXj- TX j9R@j8NX ,
X

ě URN3jVX Ŀ JmHiBHQ+mb *HBM2b ŀX jdXj- TX 989@9dRX , X
"�`iQM- LX >X 2i "X PX "2M;ibbQM URN3eVX Ŀ h?2 "�``B2` iQ :2M2iB+ 1t+?�M;2 #2ir22M >v#`B@

/BbBM; SQTmH�iBQMb ŀX 8e- TX j8d@jdeX , X
"�`iQM- LX >X 2i :X JX >2rBii URN38VX Ŀ �M�HvbBb Q7 >v#`B/ wQM2b ŀX

Re- TX RRj@R93X ,
X

ě URN3NVX Ŀ �/�Ti�iBQM- aT2+B�iBQM �M/ >v#`B/ wQM2bX ŀ j9R- TX 9Nd@8yjX ,
X

"�`iQM- LX >X 2i JX a?T�F UkyyyVX Ŀ h?2 1z2+i Q7 1TBbi�bBb QM i?2 ai`m+im`2 Q7 >v#`B/ wQM2b ŀX
d8Xk- TX RdN@RN3X , X

"�`iQM- LX >X 2i JX hm`2HHB UkyRRVX Ŀ aT�iB�H q�p2b Q7 �/p�M+2 rBi? "Bbi�#H2 .vM�KB+b ,
*viQTH�bKB+ �M/ :2M2iB+ �M�HQ;m2b Q7 �HH22 1z2+ibX ŀ Rd3Xj-
193@1d8X , X

"�i2bQM- qX URNyNVX Ŀ >2`2/Biv �M/ o�`B�iBQM BM JQ/2`M GB;?ib ŀX X
aQmb H� /B`X /Ƕ�X *X a2r�`/- TX 38@RyRX

"�t- LX- EX >�v2b- �X J�`b?�HH- .X S�``v 2i _X h?`2b?2` UkyykVX Ŀ J�M@J�/2 J�`BM�b �b
a?2Hi2`2/ AbH�M/b 7Q` �HB2M J�`BM2 P`;�MBbKb , 1bi�#HBb?K2Mi �M/ 1`�/B+�iBQM Q7 �M �HB2M
AMp�bBp2 J�`BM2 aT2+B2b ŀX X aQmb H�
/B`X /2 *X _X o2Bi+? 2i JX LX *HQmiX Al*L aa* AMp�bBp2 aT2+B2b aT2+B�HBbi :`QmTX :H�M/-
arBix2`H�M/ �M/ *�K#`B/;2- lE , Al*L- TX ke@jNX

"�xvFBM- �X .X URNeNVX Ŀ >vTQi?2iB+�H J2+?�MBbK Q7 aT2+B�iQM ŀX kjX9- TX e38X ,
X

"2�mKQMi- �X _X- JX SX >�rFBMb- 6X GX .QB;- AX JX .�pB2b 2i JX aMQr Ukyy3VX Ŀ h?`22
aT2+B2b Q7 JviBHmb �M/ h?2B` >v#`B/b A/2MiB}2/ BM � a+QiiBb? GQ+? , L�iBp2b- _2HB+ib �M/
AMp�/2`b \ ŀ jedXk- TX Ryy@RRyX ,

X
"2HH�`/- *X- SX *�bb2v 2i hX JX "H�+F#m`M UkyReVX Ŀ �HB2M aT2+B2b �b � .`Bp2` Q7 _2+2Mi

1tiBM+iBQMb ŀX X , X
"2MBM/2- CX- aX 62H/K2B2`- JX o2Bi? 2i �X >Q+?FB`+? UkyR3VX Ŀ �/KBtim`2 Q7 >v#`B/ ar�`Kb Q7

L�iBp2 �M/ AMi`Q/m+2/ GBx�`/b BM *BiB2b Ab .2i2`KBM2/ #v i?2 *Bivb+�T2 ai`m+im`2 �M/ AMp�@
bBQM >BbiQ`v ŀX k38- TX kyR3yR9jX

, X
"2`2biv+FB- >X 2i 6X >�K2H UkyRkVX Ŀ :2M2`�HBx2/ h`�MbBiBQM q�p2b �M/ h?2B` S`QT2`iB2b ŀX

Gso- TX 8Nk@e93X
"2`2biv+FB- >X- 6X >�K2H 2i GX _Q[m2b Ukyy8�VX Ŀ �M�HvbBb Q7 i?2 S2`BQ/B+�HHv 6`�;K2Mi2/

1MpB`QMK2Mi JQ/2H , A Ĝ aT2+B2b S2`bBbi2M+2 ŀX 8RXR-
TX d8@RRjX , X
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ě Ukyy8#VX Ŀ �M�HvbBb Q7 i?2 S2`BQ/B+�HHv 6`�;K2Mi2/ 1MpB`QMK2Mi JQ/2H , AAě"BQHQ;B+�H
AMp�bBQMb �M/ SmHb�iBM; h`�p2HHBM; 6`QMib ŀX
39X3- TX RRyR@RR9eX , X

"2`iH- CX- >X _BM;#�m2` 2i JX :X "X "HmK UkyR3VX Ŀ *�M a2+QM/�`v *QMi�+i 6QHHQrBM; _�M;2
1tT�MbBQM "2 .BbiBM;mBb?2/ 7`QK "�``B2`b iQ :2M2 6HQr \ ŀ e- 28jk8X ,

X
"2v2`- CX 2i �HX UkyRdVX Ŀ "Hm2 Jmbb2Hb U aTTXV �b a2MiBM2H P`;�MBbKb BM *Q�bi�H

SQHHmiBQM JQMBiQ`BM; , � _2pB2r ŀX Rjy- TX jj3@je8X ,
X

"B2`M2- LX- 6X "QM?QKK2- SX "Qm/`v- JX axmHFBM 2i SX .�pB/ UkyyeVX Ŀ 6BiM2bb G�M/b+�T2b
amTTQ`i i?2 .QKBM�M+2 h?2Q`v Q7 SQbi@wv;QiB+ AbQH�iBQM BM i?2 Jmbb2Hb
�M/ X ŀ kdj- TX Rk8j@RkeyX ,

X
"B2`M2- LX- 6X "QM?QKK2 2i SX .�pB/ Ukyyj�VX Ŀ >�#Bi�i S`272`2M+2 �M/ i?2 J�`BM2@aT2+B�iBQM

S�`�/Qt ŀX kdyXR8kk- TX RjNN@R9yeX
, X

"B2`M2- LX- SX "Q`b�- *X .�;mBM- .X CQHHBp2i- 6X oB�`/- 6X "QM?QKK2 2i SX .�pB/ Ukyyj#VX
Ŀ AMi`Q;`2bbBQM S�ii2`Mb BM i?2 JQb�B+ >v#`B/ wQM2 #2ir22M �M/

ŀX RkXk- TX 99d@9eRX ,
X

"B2`M2- LX- SX .�pB/- SX "Qm/`v 2i 6X "QM?QKK2 Ukyyk�VX Ŀ �bbQ`i�iBp2 62`iBHBx�iBQM �M/ a2@
H2+iBQM �i G�`p�H ai�;2 BM i?2 Jmbb2Hb �M/ ŀX
8eXk- TX kNk@kN3X , X

"B2`M2- LX- SX .�pB/- �X G�M;H�/2 2i 6X "QM?QKK2 Ukyyk#VX Ŀ *�M >�#Bi�i aT2+B�HBb�iBQM
J�BMi�BM � JQb�B+ >v#`B/ wQM2 BM J�`BM2 "Bp�Hp2b \ ŀ
k98- TX R8d@RdyX , X

"B2`M2- LX- SX@�X :�;M�B`2 2i SX .�pB/ UkyRjVX Ŀ h?2 :2Q;`�T?v Q7 AMi`Q;`2bbBQM BM � S�i+?v
1MpB`QMK2Mi �M/ i?2 h?Q`M BM i?2 aB/2 Q7 1+QHQ;B+�H aT2+B�iBQM ŀX 8NXR-
TX dk@3eX , X

"B2`M2- LX- CX q2H+?- 1X GQB`2- 6X "QM?QKK2 2i SX .�pB/ UkyRRVX Ŀ h?2 *QmTHBM; >vTQi?2bBb ,
q?v :2MQK2 a+�Mb J�v 6�BH iQ J�T GQ+�H �/�Ti�iBQM :2M2b ŀX ky-
TX ky99@kydkX , X

"Bb?QT- JX CX 2i �HX UkyRdVX Ŀ 1z2+ib Q7 P+2�M aT`�rH QM 1+QHQ;B+�H *QMM2+iBpBiv , AKT�+ib
�M/ aQHmiBQMb ŀX 9Nk- TX d@jyX ,

X
"H�+F#m`M- hX JX 2i �HX UkyRRVX Ŀ � S`QTQb2/ lMB}2/ 6`�K2rQ`F 7Q` "BQHQ;B+�H AMp�bBQMb ŀX

keXd- TX jjj@jjNX , X
"H�+F#m`M- hX JX 2i �HX UkyR9VX Ŀ � lMB}2/ *H�bbB}+�iBQM Q7 �HB2M aT2+B2b "�b2/ QM i?2

J�;MBim/2 Q7 h?2B` 1MpB`QMK2Mi�H AKT�+ib ŀX RkX8- 2RyyR38yX ,
X

"H�M+F�2`i- �X 2i *X "�MF UkyR3VX Ŀ AM a2�`+? Q7 i?2 :QH/BHQ+Fb wQM2 7Q` >v#`B/ aT2+B�iBQM ŀX
R9XNX aQmb H� /B`X /2 CX w?�M;- 2RyydeRjX ,

X
"Q+F- .X :X 2i �HX UkyR8VX Ŀ q?�i q2 aiBHH .QMǶi EMQr �#Qmi AMp�bBQM :2M2iB+b ŀX

k9XN- TX kkdd@kkNdX , X
"QM?�K- oX- CX GX a?B2H/b 2i *X _B;BMQb UkyRNVX Ŀ *�"A , ŀX

X , X
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"Q`i?�;�`�v- �X AX 2i �X *�``�Mx� UkyydVX Ŀ Jmbb2Hb �b 1+Qbvbi2K 1M;BM22`b , h?2B` *QMi`B#m@
iBQM iQ aT2+B2b _B+?M2bb BM � _Q+Fv GBiiQ`�H *QKKmMBiv ŀX jRXj- TX k9j@
k8yX , X

"Qm+?2KQmbb2- aX- *X GB�mi�`/@>��;- LX "B2`M2 2i 6X oB�`/ UkyReVX Ŀ .BbiBM;mBb?BM; *QMi2K@
TQ`�`v >v#`B/Bx�iBQM 7`QK S�bi AMi`Q;`2bbBQM rBi? SQbi;2MQKB+ �M+2bi`v@AM7Q`K�iBp2 aLSb
BM ai`QM;Hv .Bz2`2MiB�i2/ aT2+B2b ŀX k8XkR- TX 88kd@889kX ,

X
"QvH2- 1X �X- uX AX GB 2i CX EX S`Bi+?�`/ UkyRdVX Ŀ �M 1tT�M/2/ oB2r Q7 *QKTH2t h`�Bib , 6`QK

SQHv;2MB+ iQ PKMB;2MB+ ŀX ReNXd- TX RRdd@RR3eX ,
X

"`�M+?- :X JX- 6X P/2M/��H 2i hX _Q#BMbQM Ukyy3VX Ŀ GQM;@h2`K JQMBiQ`BM; Q7 i?2 �``Bp�H-
1tT�MbBQM �M/ 1z2+ib Q7 i?2 �HB2M Jmbb2H _2H�iBp2 iQ q�p2
�+iBQM ŀX jdy- TX RdR@R3jX , X

"`�M+?- :X JX 2i *X LX ai2z�MB Ukyy9VX Ŀ *�M q2 S`2/B+i i?2 1z2+ib Q7 �HB2M aT2+B2b \
� *�b2@>BbiQ`v Q7 i?2 AMp�bBQM Q7 aQmi? �7`B+� #v UG�K�`+FV ŀX

jyy- TX R3N@kR8X ,
X

"`�MMQ+F- SX JX- .X aX q2i?2v 2i hX CX >BH#Bb? UkyyNVX Ŀ 1ti2MbBp2 >v#`B/Bx�iBQM rBi? JBMBK�H
AMi`Q;`2bbBQM BM �M/ BM >QFF�B/Q- C�T�M ŀX

j3j- TX ReR@RdRX , X
"`�MMQ+F- SX 2i hX >BH#Bb? UkyRyVX Ŀ >v#`B/Bx�iBQM _2bmHib BM >B;? G2p2Hb Q7 ai2`BHBiv �M/

_2bi`B+i2/ AMi`Q;`2bbBQM #2ir22M AMp�bBp2 �M/ 1M/2KB+ J�`BM2 "Hm2 Jmbb2Hb ŀX
9ye- TX ReR@RdRX , X

"`BiiQM@.�pB/B�M- CX- 6X 62H@*H�B`- CX GQT2x- SX �HB#2`i 2i SX "Qm`bQi Ukyy8VX Ŀ SQbixv;QiB+
AbQH�iBQM #2ir22M i?2 hrQ 1m`QT2�M am#bT2+B2b Q7 i?2 >Qmb2 JQmb2 , 1biBK�i2b 7`QK
62`iBHBiv S�ii2`Mb BM qBH/ �M/ G�#Q`�iQ`v@"`2/ >v#`B/b ŀX

39Xj- TX jdN@jNjX , X
"m``B- _X UkyRdVX Ŀ .Bbb2+iBM; .Bz2`2MiB�iBQM G�M/b+�T2b , � GBMF2/ a2H2+iBQMǶb S2`bT2+iBp2 ŀX

jyX3- TX R8yR@R8y8X , X
"miH2`- .X URNN9VX Ŀ "B/ iQ S`Qi2+i qQHp2b 7`QK :2M2iB+ SQHHmiBQM ŀX jdyXe9Ny- TX 9Nd@

9NdX , X

*�+2`2b@J�`iőM2x- CX URNNdVX Ŀ Jmbb2H 6Bb?2`v �M/ *mHim`2 BM "�D� *�HB7Q`MB�- J2tB+Q , >BbiQ`v-
S`2b2Mi ai�imb- �M/ 6mim`2 ŀX

aQmb H� /B`X
/2 *X GX CX J�+E2MxB2- oX :X CX "m``2HH- �X _Qb2M}2H/ 2i qX GX >Q#�`iX hX kX LP��
h2+?MB+�H _2TQ`i LJ6a Rk3X

*�KT#2HH- *X _X- CX qX SQ2Hbi`� 2i �X .X uQ/2` UkyR3VX Ŀ q?�i Ab aT2+B�iBQM :2MQKB+b \ h?2
_QH2b Q7 1+QHQ;v- :2M2 6HQr- �M/ :2MQKB+ �`+?Bi2+im`2 BM i?2 6Q`K�iBQM Q7 aT2+B2b ŀX

Rk9X9- TX 8eR@83jX ,
X

*�`HiQM- CX hX 2i CX >Q//2` URNN8VX Ŀ "BQ;2Q;`�T?v �M/ .BbT2`b�H Q7 *Q�bi�H J�`BM2 P`@
;�MBbKb , 1tT2`BK2Mi�H aim/B2b QM � _2THB+� Q7 � Rei?@*2Mim`v a�BHBM; o2bb2H ŀX

RkRX9- TX dkR@djyX , X
*�`HiQM- CX hX URNNeVX Ŀ "BQHQ;B+�H AMp�bBQMb �M/ *`vTiQ;2MB+ aT2+B2b ŀX ddXe- TX Re8j@

Re88X , X
ě UkyyNVX Ŀ .22T AMp�bBQM 1+QHQ;v �M/ i?2 �bb2K#Hv Q7 *QKKmMBiB2b BM >BbiQ`B+�H hBK2 ŀX

X aQmb H� /B`X /2 :X _BHQp 2i CX �X *`QQFbX _û/X
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T�` JX JX *�H/r2HH- :X >2H/K�B2`- _X "X C�+FbQM- PX GX G�M;2- >X �X JQQM2v- 1X X@X@.X
a+?mHx2 2i lX aQKK2`X hX ky9X "2`HBM- >2B/2H#2`; , aT`BM;2` "2`HBM >2B/2H#2`;- TX Rj@8eX

, X
*�`HiQM- CX hX- CX "X :2HH2`- JX GX _2�F�@Em/H� 2i 1X �X LQ`b2 URNNNVX Ŀ >BbiQ`B+�H 1tiBM+iBQMb

BM i?2 a2� ŀX jyXR- TX 8R8@8j3X ,
X

*�b2- �X GX 2i CX >X qBHHBb Ukyy3VX Ŀ >v#`B/ J�H2 ai2`BHBiv BM US?`vK�+2�2V Ab �b@
bQ+B�i2/ rBi? � :2Q;`�T?B+�HHv _2bi`B+i2/ JBiQ+?QM/`B�H _2�``�M;2K2Mi ŀX ekX8-
TX Ryke@RyjNX , X

*�bQHB- 1X- .X o2Mim`�- JX oX JQ/B+�- �X "2HHmb+BQ- JX *�T2HHQ- JX PHBp2`BQ 2i :X .X �`/BxxQM2
UkyReVX Ŀ � J�bbBp2 AM;`2bbBQM Q7 i?2 �HB2M aT2+B2b G X U"Bp�HpB� , JQH@
Hmb+�V BMiQ i?2 J2/Bi2``�M2�M a2� 6QHHQrBM; i?2 *Qbi� *QM+Q`/B� *`mBb2@a?BT .Bb�bi2` ŀX

RdXk- TX 9y9@9ReX , X
*?�TTH2- .X :X- EX �X JBHH2`- 6X E`�mb 2i JX "X h?QKTbQM UkyRjVX Ŀ .Bp2`;2Mi AMi`Q/m+iBQM

>BbiQ`B2b �KQM; AMp�bBp2 SQTmH�iBQMb Q7 i?2 .2HB+�i2 aFBMF U V ,
>�b i?2 AKTQ`i�M+2 Q7 :2M2iB+ �/KBtim`2 BM i?2 am++2bb Q7 "BQHQ;B+�H AMp�bBQMb "22M
Pp2`2KT?�bBx2/ \ ŀ RNXk- TX Rj9@R9eX ,

X
*?�`H2brQ`i?- "X- JX hX JQ`;�M 2i .X *?�`H2brQ`i? URNNjVX Ŀ h?2 1z2+i Q7 .2H2i2`BQmb Jm@

i�iBQMb QM L2mi`�H JQH2+mH�` o�`B�iBQM ŀX Rj9- TX Rk3N@RjyjX
*?�`H2brQ`i?- "X- .X *?�`H2brQ`i?- CX �X *QvM2 2i *X >X G�M;H2v UkyReVX Ŀ >m##v �M/ G2rQMiBM

QM S`Qi2BM o�`B�iBQM BM L�im`�H SQTmH�iBQMb , q?2M JQH2+mH�` :2M2iB+b *�K2 iQ i?2 _2b+m2
Q7 SQTmH�iBQM :2M2iB+b ŀX kyjX9- TX R9Nd@R8yjX ,

X
*?2MmBH- �X- �X 1X *�?BHH- LX .ûHûKQMi2v- 1X .m a�HHB�Mi /m Gm+ 2i >X 6�MiQM UkyRNVX Ŀ S`Q#H2Kb

�M/ Zm2biBQMb SQb2/ #v *`vTiB+ aT2+B2bX � 6`�K2rQ`F iQ :mB/2 6mim`2 aim/B2b ŀX
X aQmb H� /B`X

/Ƕ1X *�b2ii�- CX J�`[m2b /� aBHp� 2i .X o2++?BX *?�K , aT`BM;2` AMi2`M�iBQM�H Sm#HBb?BM;-
TX dd@RyeX , X

*?2pBM- GX@JX- :X .2+Q`x2Mi 2i hX G2MQ`K�M/ UkyR9VX Ŀ LB+?2 .BK2MbBQM�HBiv �M/ i?2 :2M2iB+b
Q7 1+QHQ;B+�H aT2+B�iBQM ŀX e3X8- TX Rk99@Rk8eX , X

*?`Bbi2- *X- EX LX aiƺHiBM;- JX S�`Bb- *X 6`�฀bb2- LX "B2`M2 2i *X G2t2` UkyRdVX Ŀ �/�TiBp2
1pQHmiBQM �M/ a2;`2;�iBM; GQ�/ *QMi`B#mi2 iQ i?2 :2MQKB+ G�M/b+�T2 Q7 .Bp2`;2M+2 BM
hrQ h`22 aT2+B2b *QMM2+i2/ #v 1TBbQ/B+ :2M2 6HQr ŀX keXR- TX 8N@deX

, X
*H�`F2 Jm``�v- *X- 1X �X S�F?QKQp 2i hX qX h?2``B�mHi UkyRRVX Ŀ _2+`2�iBQM�H "Q�iBM; ,

� G�`;2 lM`2;mH�i2/ o2+iQ` h`�MbTQ`iBM; J�`BM2 AMp�bBp2 aT2+B2b , h`�MbTQ`i Q7 LAa #v
_2+`2�iBQM�H "Q�ib ŀX RdXe- TX RReR@RRdkX ,

X
*QH�miiB- _X AX- CX JX �H2t�M/2`- EX JX .Hm;Qb+?- aX _X E2HH2` 2i aX 1X amHi�M UkyRdVX Ŀ AMp�@

bBQMb �M/ 1tiBM+iBQMb i?`Qm;? i?2 GQQFBM; :H�bb Q7 1pQHmiBQM�`v 1+QHQ;v ŀX
jdkXRdRk- TX kyReyyjRX ,

X
*QK2b�Ƣ�- �X aX 2i �X a�MDm�M URNNdVX Ŀ JB+`Q;2Q;`�T?B+ �HHQxvK2 .Bz2`2MiB�iBQM BM i?2 >v@

#`B/ wQM2 Q7 GKFX �M/ GX QM i?2 *QMiBM2Mi�H 1m`QT2�M
*Q�bi ŀX 8R- TX Ryd@Rk9X , X
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*QKi2i- hX- �X a�M/BQMB;B- 6X oB�`/ 2i JX *�bB`�;?B UkyR8VX Ŀ .L� UJ2i�V"�`+Q/BM; Q7
"BQHQ;B+�H AMp�bBQMb , � SQr2`7mH hQQH iQ 1Hm+B/�i2 AMp�bBQM S`Q+2bb2b �M/ >2HT J�M�;BM;
�HB2Mb ŀX RdXj- TX Ny8@NkkX , X

*QMbQ`iBmK- >X :X UkyRkVX Ŀ "mii2`~v :2MQK2 _2p2�Hb S`QKBb+mQmb 1t+?�M;2 Q7 JBKB+`v
�/�Ti�iBQMb �KQM; aT2+B2b ŀX 93d- TX 8X

*QQH2M- CX qX SX UkyRdVX Ŀ LQ`i? a2� _227b , "2Mi?B+ "BQ/Bp2`bBiv Q7 �`iB}+B�H �M/ _Q+Fv
_227b BM i?2 aQmi?2`M LQ`i? a2� ŀX S?. i?2bBbX q�;2MBM;2M , q�;2MBM;2M lMBp2`bBivX

, X
*Q`#2ii@.2iB;- _X "X- CX w?Qm- �X :X *H�`F- .X GX >�`iH 2i CX 6X �v`QH2b UkyRjVX Ŀ :2M2iB+

AM+QKT�iB#BHBiB2b �`2 qB/2bT`2�/ rBi?BM aT2+B2bX ŀ 8y9Xd9d3- TX Rj8@dX ,
X

*Qmbi�m- *X- 6X _2M�m/ 2i "X .2H�v URNNRVX Ŀ :2M2iB+ *?�`�+i2`Bx�iBQM Q7 i?2 >v#`B/Bx�iBQM
#2ir22M JviBHmb 1/mHBb �M/ JX :�HHQT`QpBM+B�HBb QM i?2 �iH�MiB+ *Q�bi Q7 6`�M+2 ŀX

RRRXR- TX 3d@NjX , X
*Qmiib- �X .X 2i hX CX .Q/;b?mM UkyydVX Ŀ h?2 L�im`2 �M/ 1ti2Mi Q7 P`;�MBbKb BM o2bb2H

a2�@*?2bib , � S`Qi2+i2/ J2+?�MBbK 7Q` J�`BM2 "BQBMp�bBQMb ŀX
89Xd- TX 3d8@33eX , X

*QvM2- CX �X 2i >X �X P`` Ukyy9VX X hX jdX aBM�m2` �bbQ+B�i2b amM/2`H�M/- J�X
*`2;Q@S`B2iQ- oX- �X �`/m`�- 6X Cm�M2b- �X _Q+�- CX aX h�vHQ` 2i 1X :�`+B�@o�x[m2x UkyR8VX

Ŀ �[m�+mHim`2 �M/ i?2 aT`2�/ Q7 AMi`Q/m+2/ Jmbb2H :2M2b BM "`BiBb? *QHmK#B� ŀX
RdXd- TX kyRR@kykeX , X

*`mB+Fb?�MF- hX 1X 2i JX qX >�?M UkyR9VX Ŀ _2�M�HvbBb am;;2bib h?�i :2MQKB+ AbH�M/b Q7
aT2+B�iBQM �`2 .m2 iQ _2/m+2/ .Bp2`bBiv- LQi _2/m+2/ :2M2 6HQr ŀX
kjXRj- TX jRjj@jR8dX , X

*m``�i- JX- JX _m2/B- _X CX S2iBi 2i GX 1t+Q{2` Ukyy3VX Ŀ h?2 >B//2M aB/2 Q7 AMp�bBQMb ,
J�bbBp2 AMi`Q;`2bbBQM #v GQ+�H :2M2b ŀX ek- TX RNy3@RNkyX ,

X
*mii2`- �X .X UkyRkVX Ŀ h?2 SQHvKQ`T?B+ S`2Hm/2 iQ "�i2bQMĜ.Q#x?�MbFvĜJmHH2` AM+QKT�iB@

#BHBiB2b ŀX kdX9- TX kyN@kR3X ,
X

.�;mBM- *X UkyyyVX Ŀ S?vHQ;ûQ;`�T?B2 .2b JQmH2b .m *QKTH2t2 /Ƕ2bTĕ+2b ŀX
lMBp2`bBiû /2 JQMiT2HHB2`X

.�;mBM- *X 2i SX "Q`b� UkyyyVX Ŀ :2M2iB+ _2H�iBQMb?BTb Q7 G�K�`+F
SQTmH�iBQMb qQ`H/rB/2 , 1pB/2M+2 7`QK Lm+H2�`@.L� J�`F2`b ŀX

RddXR- TX j3N@jNdX , X
.�pBb- �X qX 2i *X@AX qm URNNeVX Ŀ h?2 "`QQK Q7 i?2 aQ`+2`2`Ƕb �TT`2MiB+2 , h?2 6BM2

ai`m+im`2 Q7 � *?`QKQbQK�H _2;BQM *�mbBM; _2T`Q/m+iBp2 AbQH�iBQM "2ir22M hrQ aB#HBM;
aT2+B2b Q7 ŀX R9jXj- TX Rk3d@RkN3X

.�pBb- JX �X 2i �HX UkyRRVX Ŀ .QMǶi Cm/;2 aT2+B2b QM h?2B` P`B;BMb ŀX 9d9- TX R8j@R89X
, X

.2 Zm2B`Qx- EX UkyydVX Ŀ aT2+B2b *QM+2Tib �M/ aT2+B2b .2HBKBi�iBQM ŀX
8eXe- TX 3dN@33eX , X

.Hm;Qb+?- EX JX 2i AX JX S�`F2` Ukyy3VX Ŀ 6QmM/BM; 1p2Mib BM aT2+B2b AMp�bBQMb , :2M2iB+
o�`B�iBQM- �/�TiBp2 1pQHmiBQM- �M/ i?2 _QH2 Q7 JmHiBTH2 AMi`Q/m+iBQMb ŀX
RdXR- TX 9jR@99NX , X
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.Q#x?�MbFv- hX URNjeVX Ŀ aim/B2b QM >v#`B/ ai2`BHBivX AAX GQ+�HBx�iBQM Q7 ai2`BHBiv 6�+iQ`b BM
.`QbQT?BH� Sb2m/QQ#b+m`� >v#`B/b ŀX kRXk- TX RRj@Rj8X ,

X
.`�F2- CX UkyydVX Ŀ >mHH 6QmHBM; Ab � _BbF 6�+iQ` 7Q` AMi2`+QMiBM2Mi�H aT2+B2b 1t+?�M;2 BM

�[m�iB+ 1+Qbvbi2Kb ŀX kXk- TX RkR@RjRX , X
.`�F2- CX JX 2i .X JX GQ/;2 Ukyy9VX Ŀ :HQ#�H >Qi aTQib Q7 "BQHQ;B+�H AMp�bBQMb , 1p�Hm�iBM;

PTiBQMb 7Q` "�HH�biĜq�i2` J�M�;2K2Mi ŀX
kdR- TX 8d8@83yX , X

.m`�MiQM- JX- 6X �HH�H- *X 6`�śbb2- LX "B2`M2- 6X "QM?QKK2 2i SX@�X :�;M�B`2 UkyR3VX Ŀ h?2
P`B;BM �M/ _2KQH/BM; Q7 :2MQKB+ AbH�M/b Q7 .Bz2`2MiB�iBQM BM i?2 1m`QT2�M a2� "�bb ŀX

N- TX k8R3X , X
.mp�mt- GX- EX "2HF?B`- JX "QmH2bi2Bt 2i SX "Qm`bQi UkyRRVX Ŀ AbQH�iBQM �M/ :2M2 6HQr ,

AM72``BM; i?2 aT2+B�iBQM >BbiQ`v Q7 1m`QT2�M >Qmb2 JB+2 ŀX kyXk9-
TX 8k93@8ke9X , X

1?`2M72H/- CX :X UkyRyVX Ŀ 1+Qbvbi2K *QMb2[m2M+2b Q7 "BQHQ;B+�H AMp�bBQMb ŀX
9RXR- TX 8N@3yX ,

X
1H �v�`B- hX- LX h`B;mB 1H J2MB7- "X >�K2`- �X 1X *�?BHH 2i LX "B2`M2 UkyRNVX Ŀ h?2 >B//2M

aB/2 Q7 � J�DQ` J�`BM2 "BQ;2Q;`�T?B+ "QmM/�`v , � qB/2 JQb�B+ >v#`B/ wQM2 �i i?2
�iH�MiB+ĜJ2/Bi2``�M2�M .BpB/2 _2p2�Hb i?2 *QKTH2t AMi2`�+iBQM #2ir22M L�im`�H �M/ :2@
M2iB+ "�``B2`b BM Jmbb2Hb ŀX Rkk- TX ddy@d39X ,
X

1H;pBM- hX PX 2i �HX UkyRdVX Ŀ h?2 :2MQKB+ JQb�B+BbK Q7 >v#`B/ aT2+B�iBQM ŀX
jXeX , X

1HH2;`2M- >X 2i �HX UkyRkVX Ŀ h?2 :2MQKB+ G�M/b+�T2 Q7 aT2+B2b .Bp2`;2M+2 BM 6Hv@
+�i+?2`b ŀX 9NRXd9ke- TX d8e@deyX , X

1HHbi`�M/- LX *X 2i EX �X a+?B2`2M#2+F UkyyyVX Ŀ >v#`B/Bx�iBQM �b � aiBKmHmb 7Q` i?2 1pQHmiBQM
Q7 AMp�bBp2M2bb BM SH�Mib \ ŀ NdXRj-
TX dy9j@dy8yX , X

1HiQM- *X aX URN83VX X lMBp2`bBiv Q7 *?B+�;Q
S`2bbX

1t+Q{2`- GX- AX .mT�MHQmT- 1X >m2`i�@a�M+?2x- oX *X aQmb� 2i JX 6QHH UkyRjVX Ŀ _Q#mbi
.2KQ;`�T?B+ AM72`2M+2 7`QK :2MQKB+ �M/ aLS .�i� ŀX NXRyX aQmb H� /B`X
/2 CX JX �F2v- 2RyyjNy8X , X

6�+QM- "X- "X :2MiQM- CX a?vFQz- SX C�`M2- �X 1biQmT 2i SX .�pB/ UkyyeVX Ŀ � :2M2`�H 1+Q@
1pQHmiBQM�`v 6`�K2rQ`F 7Q` lM/2`bi�M/BM; "BQBMp�bBQMb ŀX
kRXj- TX Rjy@Rj8X , X

6�+QM- "X- CX@SX SQBMiB2`- SX C�`M2- oX a�`/� 2i SX .�pB/ Ukyy3VX Ŀ >B;? :2M2iB+ o�`B�M+2
BM GB72@>BbiQ`v ai`�i2;B2b rBi?BM AMp�bBp2 SQTmH�iBQMb #v q�v Q7 JmHiBTH2 AMi`Q/m+iBQMb ŀX

R3X8- TX jej@jedX , X
6�P UkyR3VX _QK�X Ry9 TX
62``�`BQ- CX- aX *�`QMMB- �X P++?BTBMiB@�K#`Q;B 2i �X J�`+?BMB UkyRdVX Ŀ _QH2 Q7 *QKK2`+B�H

>�`#Qm`b �M/ _2+`2�iBQM�H J�`BM�b BM i?2 aT`2�/ Q7 LQM@AM/B;2MQmb 6QmHBM; aT2+B2b ŀX
jjX3- TX e8R@eeyX , X
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62``Bb- *X- _X EBM; 2i �X :`�v URNNdVX Ŀ JQH2+mH�` 1pB/2M+2 7Q` i?2 J�i2`M�H S�`2Mi�;2 BM i?2
>v#`B/ P`B;BM Q7 aT�`iBM� �M;HB+� *1 >m##�`/ ŀX eXk- TX R38@R3dX

6Bb?2`- _X �X URNjyVX X Pt7Q`/- lE , *H�`2M/QM
S`2bbX

ě URNjdVX Ŀ h?2 q�p2 Q7 �/p�M+2 Q7 �/p�Mi�;2Qmb :2M2b ŀX dX9- TX j88@
jeNX ,

UpBbBiû H2 ydfyjfkyRdVX
6Bb?K�M- GX 2i CX >X qBHHBb UkyyRVX Ŀ 1pB/2M+2 7Q` .Q#x?�MbFv@JmHH2` AM+QKT�iB#BHBi2b *QMi`B@

#miBM; iQ i?2 ai2`BHBiv Q7 >v#`B/b #2ir22M �M/ ŀX
88XRy- TX RNjk@RN9kX , X

6BixT�i`B+F- "X JX- CX _X CQ?MbQM- .X EX EmKT- >X "X a?�z2`- CX CX aKBi? 2i aX _X oQbb UkyyNVX
Ŀ _�TB/ 6Bt�iBQM Q7 LQM@L�iBp2 �HH2H2b _2p2�H2/ #v :2MQK2@qB/2 aLS �M�HvbBb Q7 >v#`B/
hB;2` a�H�K�M/2`b ŀX NXR- TX RdeX

6H�;2HH�- JX JX- JX o2`H�[m2- �X aQ`B� 2i JX *X "mB� UkyydVX Ŀ J�+`Q�H;�H am`pBp�H BM "�H@
H�bi q�i2` h�MFb ŀX 89XN- TX RjN8@R9yRX ,

X
6`�śbb2- *X- EX "2HF?B`- CX CX q2H+? 2i LX "B2`M2 UkyRe�VX Ŀ GQ+�H AMi2`bT2+B2b AMi`Q;`2bbBQM Ab

i?2 J�BM *�mb2 Q7 1ti`2K2 G2p2Hb Q7 AMi`�bT2+B}+ .Bz2`2MiB�iBQM BM Jmbb2Hb ŀX
k8XR- TX keN@k3eX , X

6`�śbb2- *X- SX �X :mMM�`bbQM- .X _Qx2- LX "B2`M2 2i CX CX q2H+? UkyRe#VX Ŀ h?2 :2M2iB+b Q7
aT2+B�iBQM , AMbB;?ib 7`QK 6Bb?2`Ƕb :2QK2i`B+ JQ/2H ŀX dyXd- TX R98y@R9e9X ,

X
6`�śbb2- *X- �X >�;m2M�m2`- EX :2`�`/- �X �X@hX q2#2`- LX "B2`M2 2i �X *?2MmBH UkyR3�VX Ŀ 6BM2@

:`�BM2/ >�#Bi�i@�bbQ+B�i2/ :2M2iB+ *QMM2+iBpBiv BM �M �/KBt2/ SQTmH�iBQM Q7 Jmbb2Hb BM
i?2 aK�HH AbQH�i2/ E2`;m2H2M AbH�M/b ŀX kjNk99- p2`X 9 `2+QKK2M/2/ �M/ T22`@
`2pB2r2/ #v S*A 1pQH "BQHX , X

6`�śbb2- *X- *X _Qmt- SX@�X :�;M�B`2- CX _QKB;mB2`- LX 6�Bp`2- CX CX q2H+? 2i LX "B2`M2 UkyR3#VX
Ŀ h?2 .Bp2`;2M+2 >BbiQ`v Q7 1m`QT2�M "Hm2 Jmbb2H aT2+B2b _2+QMbi`m+i2/ 7`QK �TT`QtB@
K�i2 "�v2bB�M *QKTmi�iBQM , h?2 1z2+ib Q7 a2[m2M+BM; h2+?MB[m2b �M/ a�KTHBM; ai`�@
i2;B2b ŀX e- 28RN3X , X

:�`/M2`- CX SX �X URNN9VX Ŀ h?2 ai`m+im`2 �M/ .vM�KB+b Q7 L�im`�HHv P++m`BM; >v#`B/
UGBMM�2mb- Rd83V �M/ UG�K�`+F- R3RNV SQTmH�iBQMb ,

_2pB2r �M/ AMi2`T`2i�iBQMX ŀ R@k- TX jd@dRX
:�`/M2`- CX SX �X 2i .X PX 6X aFB#BMbFB URNNyVX Ŀ :2MQivT2@.2T2M/2Mi 62+mM/Biv �M/ h2KTQ`�H

o�`B�iBQM Q7 aT�rMBM; BM >v#`B/ Jmbb2H UJviBHmbV SQTmH�iBQMb ŀX Ry8XR-
TX R8j@RekX , X

:�`/M2`- CX SX �X- .X PX 6X aFB#BMbFB 2i *X .X "�D/BF URNNjVX Ŀ a?2HH :`Qri? �M/ oB�#BHBiv .Bz2@
`2M+2b "2ir22M i?2 J�`BM2 Jmbb2Hb UGXV- UGKFXV-
�M/ h?2B` >v#`B/b 6`QK hrQ avKT�i`B+ SQTmH�iBQMb BM aXqX 1M;H�M/ ŀX

R38Xj- TX 9y8@9ReX , X
:�`/M2`- CX SX �X- JX w#�rB+F�- EX JX q2bi7�HH 2i _X q2MM2 UkyReVX Ŀ AMp�bBp2 "Hm2 Jmbb2Hb

h?`2�i2M _2;BQM�H a+�H2 :2M2iB+ .Bp2`bBiv BM J�BMH�M/ �M/ _2KQi2 Pzb?Q`2 GQ+�iBQMb ,
h?2 L22/ 7Q` "�b2HBM2 .�i� �M/ 1M?�M+2/ S`Qi2+iBQM BM i?2 aQmi?2`M P+2�M ŀX

X , X
:�p`BH2ib- aX 2i �X >�biBM;b URNNeVX Ŀ 6QmM/2` 1z2+i aT2+B�iBQM , � h?2Q`2iB+�H _2�bb2bbK2Mi ŀX

R9dXj- TX 9ee@9NRX , X
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:2HH2`- CX "X- CX hX *�`HiQM 2i .X �X SQr2`b URNN9VX Ŀ S*_@"�b2/ .2i2+iBQM Q7 Ki.L� >�@
THQivT2b Q7 L�iBp2 �M/ AMp�/BM; Jmbb2Hb QM i?2 LQ`i?2�bi2`M S�+B}+ *Q�bi , G�iBim/BM�H
S�ii2`M Q7 AMp�bBQM ŀX RRNXk- TX k9j@k9NX , X

:û`�`/- EX- LX "B2`M2- SX "Q`b�- �X *?2MmBH 2i CX@SX 6û`�H Ukyy3VX Ŀ SH2BbiQ+2M2 a2T�`�iBQM Q7
JBiQ+?QM/`B�H GBM2�;2b Q7 JviBHmb aTTX Jmbb2Hb 7`QK LQ`i?2`M �M/ aQmi?2`M >2KBbT?2`2b
�M/ ai`QM; :2M2iB+ .Bz2`2MiB�iBQM �KQM; aQmi?2`M SQTmH�iBQMb ŀX

9NXR- TX 39@NRX , X
:2`/QH- JX 2i �HX UkyRNVX Ŀ J�bbBp2 :2M2 S`2b2M+2f�#b2M+2 o�`B�iBQM BM i?2 Jmbb2H :2MQK2

�b �M �/�TiBp2 ai`�i2;v , 6B`bi 1pB/2M+2 Q7 � S�M@:2MQK2 BM J2i�xQ� ŀX X ,
X

:QbHBM;- 1X- aX .Q?2`iv 2i LX >QrH2v Ukyy3VX Ŀ :2M2iB+ *?�`�+i2`Bx�iBQM Q7 >v#`B/ Jmbb2H
U V SQTmH�iBQMb QM A`Bb? *Q�bib ŀX

33Xk- TX j9R@j9eX , X
:Qbb2i- *X *X 2i LX "B2`M2 UkyRjVX Ŀ .Bz2`2MiB�H AMi`Q;`2bbBQM 7`QK � aBbi2` aT2+B2b 1tTH�BMb

>B;? PmiHB2` GQ+B rBi?BM � Jmbb2H aT2+B2b ŀX keXR-
TX R9@keX , X

:`�Mi- qX aX 2i JX AX *?2``v URN38VX Ŀ GKFX BM aQmi?2`M �7`B+� ŀX
Ny- TX RdN@RNRX , X

:m2``2`Q- _X 6X- *X .X JmB`- aX CQbr�v 2i GX *X JQvH2 UkyRdVX Ŀ S2`p�bBp2 �Mi�;QMBbiB+ AM@
i2`�+iBQMb �KQM; >v#`B/ AM+QKT�iB#BHBiv GQ+B ŀX RjXe- 2Ryye3RdX ,

X
:mi2MFmMbi- _X LX- _X .X >2`M�M/2x- aX >X qBHHB�KbQM 2i *X .X "mbi�K�Mi2 UkyyNVX Ŀ AM72`@

`BM; i?2 CQBMi .2KQ;`�T?B+ >BbiQ`v Q7 JmHiBTH2 SQTmH�iBQMb 7`QK JmHiB/BK2MbBQM�H aLS
6`2[m2M+v .�i� ŀX 8XRyX aQmb H� /B`X /2 :X J+o2�M- 2RyyyeN8X ,

X

>�H/�M2- CX "X URN93VX Ŀ h?2 h?2Q`v Q7 � *HBM2 ŀX 93Xj- TX kdd@k39X
, UpBbBiû H2

kyfy9fkyRdVX
>�HH- _X CX- �X >�biBM;b 2i .X _X �v`2b UkyyeVX Ŀ 1tTH�BMBM; i?2 1tTHQbBQM , JQ/2HHBM; >v#`B/

AMp�bBQMb ŀX kdj-
TX Rj38@Rj3NX , X

>�``- "X UkyyeVX Ŀ :2MQKB+ AbH�M/b Q7 .Bz2`2MiB�iBQM #2ir22M >Qmb2 JQmb2 am#bT2+B2b ŀX
ReXe- TX djy@djdX , X

>�``Bb- >X URNeeVX Ŀ 1MxvK2 SQHvKQ`T?BbKb BM J�M ŀX Re9XNN8- TX kN3@
jRyX , X

>�``BbQM- _X :X URN3eVX Ŀ S�ii2`M �M/ S`Q+2bb BM � L�``Qr >v#`B/ wQM2 ŀX 8eXj-
TX jjd@j9NX , X

>�``BbQM- _X :X 2i 1X GX G�`bQM UkyReVX Ŀ >2i2`Q;2M2Qmb :2MQK2 .Bp2`;2M+2- .Bz2`2MiB�H
AMi`Q;`2bbBQM- �M/ i?2 P`B;BM �M/ ai`m+im`2 Q7 >v#`B/ wQM2b ŀX k8XRR-
TX k989@k9eeX , X

>2�i?- .X .X- SX .X _�rbQM 2i hX CX >BH#Bb? URNN8VX Ŀ S*_@"�b2/ Lm+H2�` J�`F2`b A/2MiB7v
�HB2M "Hm2 Jmbb2H U aTTXV :2MQivT2b QM i?2 q2bi *Q�bi Q7 *�M�/� ŀX

8kXRk- TX kekR@kekdX , X
>2`K�Mb2M- CX aX- 6X >��b- *X LX h`B2` 2i _X AX "�BH2v UkyR9VX Ŀ >v#`B/ aT2+B�iBQM i?`Qm;?

aQ`iBM; Q7 S�`2Mi�H AM+QKT�iB#BHBiB2b BM Ai�HB�M aT�``Qrb ŀX kj- TX 83jR@
839kX

k3N



>2rBii- :X JX URN33VX Ŀ >v#`B/ wQM2b@L�im`�H G�#Q`�iQ`B2b 7Q` 1pQHmiBQM�`v aim/B2b ŀX
jXd- TX R83@RedX , X

ě UkyyyVX Ŀ h?2 :2M2iB+ G2;�+v Q7 i?2 Zm�i2`M�`v A+2 �;2bX ŀ 9y8Xed3N- TX Nyd@NRjX
, X

ě UkyRRVX Ŀ Zm�i2`M�`v S?vHQ;2Q;`�T?v , h?2 _QQib Q7 >v#`B/ wQM2b ŀX RjNX8-
TX eRd@ej3X , X

>BH#Bb?- hX CX- �X JmHHBM�t- aX AX .QHp2M- �X J2v2`- _X EX EQ2?M 2i SX .X _�rbQM UkyyyVX
Ŀ P`B;BM Q7 i?2 �MiBi`QTB+�H .Bbi`B#miBQM S�ii2`M BM J�`BM2 Jmbb2Hb U aTTXV , _Qmi2b
�M/ hBKBM; Q7 h`�Mb2[m�iQ`B�H JB;`�iBQM ŀX RjeXR- TX eN@ddX ,

X
>BH#Bb?- hX- CX hBKKQMb- oX �;`�r�H- EX a+?M2B/2` 2i JX :BH; UkyyjVX Ŀ 1bim�`BM2 >�#Bi�ib

S`Qi2+i >v#`B/ Jmbb2Hb 7`QK a2H2+iBQM ŀX
kNkXk- TX Rdd@R3eX , X

>BHH- qX :X 2i �X _Q#2`ibQM URNeeVX Ŀ h?2 1z2+i Q7 GBMF�;2 QM GBKBib iQ �`iB}+B�H a2H2+iBQM ŀX
3- TX keN@kN9X , X

>QHK�M- GX 1X- JX /2 "`mvM- aX *`22`- :X *�`p�H?Q- CX _Q#B/�`i 2i JX _Bmb UkyRNVX Ŀ .2i2+iBQM
Q7 AMi`Q/m+2/ �M/ _2bB/2Mi J�`BM2 aT2+B2b lbBM; 1MpB`QMK2Mi�H .L� J2i�#�`+Q/BM; Q7
a2/BK2Mi �M/ q�i2` ŀX NXR- TX RR88NX ,

X
>QpB+F- aX JX 2i EX .X q?BiM2v UkyR9VX Ŀ >v#`B/Bb�iBQM Ab �bbQ+B�i2/ rBi? AM+`2�b2/ 62@

+mM/Biv �M/ aBx2 BM AMp�bBp2 h�t� , J2i�@�M�HviB+ amTTQ`i 7Q` i?2 >v#`B/Bb�iBQM@AMp�bBQM
>vTQi?2bBb ŀX RdXRRX aQmb H� /B`X /2 CX :m`2pBi+?- TX R9e9@R9ddX ,

X
>m##v- CX GX 2i _X *X G2rQMiBM URNeeVX Ŀ � JQH2+mH�` �TT`Q�+? iQ i?2 aim/v Q7 :2MB+ >2i2@

`Qxv;QbBiv BM L�im`�H SQTmH�iBQMbX AX i?2 LmK#2` Q7 �HH2H2b �i .Bz2`2Mi GQ+B BM
ŀX 89Xk- TX 8dd@8N9X

C�MQmȒ2F- oX 2i �HX UkyRkVX Ŀ :2MQK2@qB/2 �`+?Bi2+im`2 Q7 _2T`Q/m+iBp2 AbQH�iBQM BM � L�im@
`�HHv P++m``BM; >v#`B/ wQM2 #2ir22M �M/ ,
_1S_P.l*hAo1 AaPG�hAPL AL >Pla1 JPla1 ŀX kRXRk- TX jyjk@
jy9dX , X

CB;;BMb- *X .X 2i CX J�HH2i UkyyyVX Ŀ "BKQ/�H >v#`B/ wQM2b �M/ aT2+B�iBQM ŀX
R8Xe- TX k8y@k88X , X

E�`i�pib2p- uX SX- �X uX *?B+?p�`F?BM- �X EBDBK�- LX >�Mx�r� 2i AX@aX S�`F Ukyy8VX Ŀ �HHQxvK2
�M/ JQ`T?QK2i`B+ �M�HvbBb Q7 hrQ *QKKQM Jmbb2H aT2+B2b Q7 i?2 :2Mmb UJQH@
Hmb+�- JviBHB/�2V BM EQ`2�M- C�T�M2b2 �M/ _mbbB�M q�i2`b ŀX
k9X9- TX k3N@jyeX

E�iQHBFQp�- JX- oX E?�BiQp- _X o BMƺH - JX :�Mib2pB+? 2i SX ai`2HFQp UkyReVX Ŀ :2M2iB+- 1+Q@
HQ;B+�H �M/ JQ`T?QHQ;B+�H .BbiBM+iM2bb Q7 i?2 "Hm2 Jmbb2Hb :QmH/ �M/

GX BM i?2 q?Bi2 a2� ŀX RRX9X aQmb H� /B`X /2 .X CX *QH;�M- 2yR8kNejX
, X

E�mibFv- LX 2i aX 1p�Mb URN3dVX Ŀ _QH2 Q7 "BQ/2TQbBiBQM #v JviBHmb 1/mHBb BM i?2 *B`+mH�iBQM
Q7 J�ii2` �M/ Lmi`B2Mib BM � "�HiB+ *Q�bi�H 1+Qbvbi2K ŀX
j3- TX kyR@kRkX , X

Eû}- aX- oX JB2H2- 1X �X qB2i2`b- aX �X L�p�``2i2 2i 1X GX "2`HQr UkyReVX Ŀ >Qr ai`m+im`2/
Ab i?2 1Mi�M;H2/ "�MF \ h?2 am`T`BbBM;Hv aBKTH2 P`;�MBx�iBQM Q7 JmHiBTH2t 1+QHQ;B+�H
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L2irQ`Fb G2�/b iQ AM+`2�b2/ S2`bBbi2M+2 �M/ _2bBHB2M+2 ŀX R9X3X aQmb H� /B`X
/2 .X aBK#2`HQz- 2Ryyk8kdX , X

E2HHv- .X qX- _X �X S�i2`bQM- *X _X hQrMb2M/- _X SQmHBM 2i .X JX hQKTFBMb UkyyNVX Ŀ S�`�bBi2
aTBHH#�+F , � L2;H2+i2/ *QM+2Ti BM AMp�bBQM 1+QHQ;v \ ŀ NyX3- TX ky9d@ky8eX ,

X
EBKm`�- JX URN3jVX X *�K#`B/;2 lMBp2`bBiv S`2bbX
EB`FT�i`B+F- JX 2i LX >X "�`iQM UkyyeVX Ŀ *?`QKQbQK2 AMp2`bBQMb- GQ+�H �/�Ti�iBQM �M/

aT2+B�iBQM ŀX RdjXR- TX 9RN@9j9X , X
EB`FT�i`B+F- JX 2i oX _�pB;Mû UkyykVX Ŀ aT2+B�iBQM #v L�im`�H �M/ a2tm�H a2H2+iBQM , JQ/2Hb

�M/ 1tT2`BK2Mib ŀX R8NXaj- akk@aj8X , X
EHB#�MbFv- GX EX CX 2i JX �X J+*�`iM2v UkyR9VX Ŀ *QMbT2+B}+ aT2`K S`2+2/2M+2 Ab � _2T`Q@

/m+iBp2 "�``B2` #2ir22M 6`22@aT�rMBM; J�`BM2 Jmbb2Hb BM i?2 LQ`i?r2bi �iH�MiB+ JviBHmb
>v#`B/ wQM2 ŀX NXNX aQmb H� /B`X /2 JX >�`i- 2Ry39jjX ,

X
EMQrHiQM- LX URNNjVX Ŀ aB#HBM; aT2+B2b BM i?2 a2� ŀX

k9- TX R3N@kReX , X
EQ2?M- _X EX URNNRVX Ŀ h?2 :2M2iB+b �M/ h�tQMQKv Q7 aT2+B2b BM i?2 :2Mmb JviBHmb ŀX

N9Xk@j- TX Rk8@R98X , X
EQ2?M- _X EX- _X JBHFK�M 2i CX "X JBiiQM URNdeVX Ŀ SQTmH�iBQM :2M2iB+b Q7 J�`BM2 S2H2+vTQ/bX

AoX a2H2+iBQM- JB;`�iBQM �M/ :2M2iB+ .Bz2`2MiB�iBQM BM i?2 "Hm2 Jmbb2H ŀX
jyXR- TX k@jkX , X

EQ2?M- _X EX 2i CX "X JBiiQM URNdkVX Ŀ SQTmH�iBQM :2M2iB+b Q7 J�`BM2 S2H2+vTQ/bX AX 1+QHQ;B+�H
>2i2`Q;2M2Biv �M/ 1pQHmiBQM�`v ai`�i2;v �i �M 1MxvK2 GQ+mb ŀX
RyeXN9d- TX 9d@8eX , X

EQ2?M- _X EX- _X AX 1X L2r2HH 2i 6X AKK2`K�MM URN3yVX Ŀ J�BMi2M�M+2 Q7 �M �KBMQT2TiB/�b2
�HH2H2 6`2[m2M+v *HBM2 #v L�im`�H a2H2+iBQM ŀX ddXN- TX 8j38@
8j3NX

EQH#2- CX CX- _X 1X :HQ`- GX _Q/`ő;m2x a+?2iiBMQ- �X *X G�`�- �X G�`bQM 2i CX "X GQbQb Ukyy9VX
Ŀ :2M2iB+ o�`B�iBQM AM+`2�b2b /m`BM; "BQHQ;B+�H AMp�bBQM #v � *m#�M GBx�`/ ŀX
9jRXdyy8- TX Rdd@R3RX , X

E`mmF- GX 1X "X- aX CX 1X "�B`/- EX aX :�H2 2i LX >X "�`iQM URNNNVX Ŀ � *QKT�`BbQM Q7 JmHiBHQ+mb
*HBM2b J�BMi�BM2/ #v 1MpB`QMK2Mi�H �/�Ti�iBQM Q` #v a2H2+iBQM �;�BMbi >v#`B/b ŀX
R8jX9- TX RN8N@RNdRX ,
UpBbBiû H2 kyfy9fkyRdVX

G�``�őM- JX �X- JX w#�rB+F�- *X �`�M2/�- CX SX �X :�`/M2` 2i _X q2MM2 UkyR3VX Ŀ L�iBp2 �M/
AMp�bBp2 h�t� QM i?2 S�+B}+ *Q�bi Q7 aQmi? �K2`B+� , AKT�+ib QM �[m�+mHim`2- h`�+2�#BHBiv
�M/ "BQ/Bp2`bBiv Q7 "Hm2 Jmbb2Hb U aTTXV ŀ RR- TX kN3@jRRX

, X
G�`bQM- 1X GX 2i �HX UkyR3VX Ŀ h?2 1pQHmiBQM Q7 SQHvKQ`T?B+ >v#`B/ AM+QKT�iB#BHBiB2b BM >Qmb2

JB+2 ŀX - ;2M2iB+bXjyy39yXkyR3X , X
G22- aX 2i "X JQ`iQM URN38VX Ŀ h?2 AMi`Q/m+iBQM Q7 i?2 J2/Bi2``�M2�M Jmbb2H JviBHmb :�HHQ@

T`QpBM+B�HBb BMiQ >QM; EQM; ŀX R3XR@k- TX Ryd@RyNX
G2Bir2BM- JX- SX@�X :�;M�B`2- 1X .2bK�`�Bb- SX "2``2#B 2i "X :mBM�M/ UkyR3VX Ŀ :2MQKB+

*QMb2[m2M+2b Q7 � _2+2Mi h?`22@q�v �/KBtim`2 BM amTTH2K2Mi2/ qBH/ "`QrM h`Qmi
SQTmH�iBQMb _2p2�H2/ #v GQ+�H �M+2bi`v h`�+ib ŀX kd- TX j9ee@j93jX

, X
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G2bbBQb- >X �X UkyyNVX Ŀ aT2+B�iBQM BM a2� l`+?BMb ŀX

aQmb H� /B`X /2 GX >�``Bb- aX "ƺii;2`- *X q�HF2` 2i JX G2bb2`X *_* S`2bb-
TX NR@RyRX , X

G2pBM;b- *X .X- CX _X *Q`/2HH- aX PM; 2i :X 1X SB2`+2v Ukyy9VX Ŀ h?2 P`B;BM �M/ A/2MiBiv Q7
AMp2`i2#`�i2 P`;�MBbKb "2BM; h`�MbTQ`i2/ iQ *�M�/�Ƕb S�+B}+ *Q�bi #v "�HH�bi q�i2` ŀX

eRXR- TX R@RRX , X
GBM/iF2- .X 2i *X �X "m2`FH2 UkyR8VX Ŀ h?2 :2M2iB+ �`+?Bi2+im`2 Q7 >v#`B/ AM+QKT�iB#BHBiB2b

�M/ h?2B` 1z2+i QM "�``B2`b iQ AMi`Q;`2bbBQM BM a2+QM/�`v *QMi�+i ŀX eNX3-
TX RN3d@kyy9X , X

GQ+FrQQ/- "X GX 2i :X LX aQK2`Q UkyRRVX Ŀ AMp�bBp2 �M/ L�iBp2 "Hm2 Jmbb2Hb U:2Mmb V
QM i?2 *�HB7Q`MB� *Q�bi , h?2 _QH2 Q7 S?vbBQHQ;v BM � "BQHQ;B+�H AMp�bBQM ŀX

9yy- TX Red@Rd9X ,
X

GQ+FrQQ/- CX GX- JX 6X >QQT2b 2i JX SX J�`+?2iiB UkyRjVX X CQ?M qBH2v �
aQMbX

GQB`2- 1X 2i LX :�HiB2` UkyRdVX Ŀ G�+FBM; *QMb2`p�iBQM :2MQKB+b BM i?2 :B�Mi :�H�T�;Qb hQ`@
iQBb2 ŀX RyRN3y- p2`X 9 T22`@`2pB2r2/ �M/ `2+QKK2M/2/ #v S22` *QKKmMBiv BM
1pQHmiBQM�`v "BQHQ;vX , X

GƦT2x@G2;2MiBH- aX- JX GX G2;2MiBH- SX JX 1`rBM 2i sX hm`QM UkyR8VX Ŀ >�`#Q` L2irQ`Fb �b
AMi`Q/m+iBQM :�i2r�vb , *QMi`�biBM; .Bbi`B#miBQM S�ii2`Mb Q7 L�iBp2 �M/ AMi`Q/m+2/ �b+B@
/B�Mb ŀX RdXe- TX Rekj@Rej3X , X

J�+?QH�M- JX- aX CX 1X "�B`/- SX .m7FQp�- SX JmM+HBM;2`- "X oX "őKQp� 2i CX SB�H2F UkyRRVX
Ŀ �bb2bbBM; JmHiBHQ+mb AMi`Q;`2bbBQM S�ii2`Mb , � *�b2 aim/v QM i?2 JQmb2 s *?`QKQ@
bQK2 BM *2Mi`�H 1m`QT2 , >2i2`Q;2M2Biv Q7 AMi`Q;`2bbBQM QM i?2 JQmb2 s *?`QKQbQK2 ŀX

e8X8- TX R9k3@R99eX , X
J�HH2i- CX UkyydVX Ŀ >v#`B/ aT2+B�iBQM ŀX 99eXdRjj- TX kdN@k3jX ,

X
J�MB- :X aX 2i "X *X *H�`F2 URNNyVX Ŀ Jmi�iBQM�H P`/2` , � J�DQ` aiQ+?�biB+ S`Q+2bb BM

1pQHmiBQM ŀX k9yXRkNd-
TX kN@jdX , X

J�`iBM- aX >X 2i *X .X CB;;BMb UkyRdVX Ŀ AMi2`T`2iBM; i?2 :2MQKB+ G�M/b+�T2 Q7 AMi`Q;`2bbBQM ŀX
9d- TX eN@d9X ,

X
J�`iőM2x@G�;2- �X- �X :QMx�H2x@hBxƦM 2i CX JûM/2x URNNeVX Ŀ *?`QKQbQK2 .Bz2`2M+2b #2i@

r22M 1m`QT2�M Jmbb2H SQTmH�iBQMb U:2Mmb V ŀX 9NXj@9- TX j9j@j88X ,
X

J�i?B2b2M- aX aX 2i �HX UkyReVX Ŀ :2M2iB+ .Bp2`bBiv �M/ *QMM2+iBpBiv rBi?BM aTTX BM i?2
am#�`+iB+ �M/ �`+iB+ ŀX Ry- TX jN@88X , X

J�vM�`/@aKBi?- CX 2i CX >�B;? URNd9VX Ŀ h?2 >Bi+?@>BFBM; 1z2+i Q7 � 6�pQm`�#H2 :2M2 ŀX
kjXR- TX kj@j8X , X

J+.QM�H/- CX >X- _X a22/ 2i _X EX EQ2?M URNNRVX Ŀ �HHQxvK2b �M/ JQ`T?QK2i`B+ *?�`�+i2`b
Q7 h?`22 aT2+B2b Q7 BM i?2 LQ`i?2`M �M/ aQmi?2`M >2KBbT?2`2b ŀX
RRR- TX jkj@jjjX , X

J+.QM�H/- CX >X 2i _X EX EQ2?M URN33VX Ŀ h?2 Jmbb2Hb �M/
QM i?2 S�+B}+ *Q�bi Q7 LQ`i? �K2`B+� ŀX NNXR- TX RRR@RR3X ,

X
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J+.QM�H/- CX >X- _X EX EQ2?M- 1X aX "�H�FB`2p- :X SX J�M+?2MFQ- �X AX Sm/QpFBM- aX PX a2`@
;B2pbFBB 2i EX oX E`miQpbFBB URNNyVX Ŀ aT2+B2b A/2MiBiv Q7 i?2 Ǵ*QKKQM Jmbb2HǴ AM?�#BiBM;
i?2 �bB�iB+ *Q�bib Q7 i?2 S�+B}+ P+2�MX ŀ ReXR- TX Ry@R3X

J+:`�i?- *X GX- CX@6X :Qmi- SX CQ?`B- hX :X .Q�F 2i JX GvM+? UkyR9VX Ŀ .Bz2`2MiB�H _2i2M@
iBQM �M/ .Bp2`;2Mi _2bQHmiBQM Q7 .mTHB+�i2 :2M2b 6QHHQrBM; q?QH2@:2MQK2 .mTHB+�iBQM ŀX

k9XRy- TX Ree8@Red8X , X
J+E2MxB2- CX GX- _X aX .?BHHQM 2i SX JX a+?mHi2 UkyReVX Ŀ ai22T- *QBM+B/2Mi- �M/ *QM+Q`/�Mi

*HBM2b BM JBiQ+?QM/`B�H �M/ Lm+H2�`@1M+Q/2/ :2M2b BM � >v#`B/ wQM2 #2ir22M am#bT2+B2b
Q7 �iH�MiB+ EBHHB}b?- ŀX eXRe- TX 8ddR@8d3dX

, X
J2B2`- CX AX- .X �X J�`[m2b- *X 1X q�;M2`- GX 1t+Q{2` 2i PX a22?�mb2M UkyR3VX Ŀ :2MQKB+b Q7

S�`�HH2H 1+QHQ;B+�H aT2+B�iBQM BM G�F2 oB+iQ`B� *B+?HB/b ŀX
j8XeX aQmb H� /B`X /2 .X �;�b?2- TX R93N@R8yeX , X

J2b;�`�M- JX "X- JX �X G2rBb- SX EX �/2b- EX .QMQ?m2- aX P?�/B- *X GB 2i _X .X *Qmb2Mb
UkyReVX Ŀ >v#`B/Bx�iBQM *�M 6�+BHBi�i2 aT2+B2b AMp�bBQMb- 1p2M rBi?Qmi 1M?�M+BM; GQ+�H
�/�Ti�iBQM ŀX RRjXje- TX RykRy@RykR9X

, X
J2ix;2`- JX CX 2i aX SX :Qz UkyReVX Ŀ � aBti? JQ/�HBiv Q7 AM72+iBQmb .Bb2�b2 , *QMi�;BQmb

*�M+2` 7`QK .2pBHb iQ *H�Kb �M/ "2vQM/ ŀX RkXRyX aQmb H� /B`X /2 .X *X
a?2TT�`/- 2Ryy8Ny9X , X

J2ix;2`- JX CX 2i �HX UkyReVX Ŀ qB/2bT`2�/ h`�MbKBbbBQM Q7 AM/2T2M/2Mi *�M+2` GBM2�;2b
rBi?BM JmHiBTH2 "Bp�Hp2 aT2+B2b ŀX 8j9- TX dy8@dyNX , X

JBHFK�M- _X 2i GX "2�iv URNdyVX Ŀ G�`;2@a+�H2 1H2+i`QT?Q`2iB+ aim/B2b Q7 �HH2HB+ o�`B�iBQM BM
ŀX X hX RjN- TX 9jyX

JBHH2`- CX �X- CX hX *�`HiQM- CX qX *?�TK�M- CX "X :2HH2` 2i :X JX _mBx UkyRdVX Ŀ h`�MbQ+2�MB+
.BbT2`b�H Q7 i?2 Jmbb2H QM C�T�M2b2 hbmM�KB J�`BM2 .2#`Bb , �M
�TT`Q�+? 7Q` 1p�Hm�iBM; _�7iBM; Q7 � *Q�bi�H aT2+B2b �i a2� ŀX
Rjk- TX ey@eNX , X

JBHH2`- CX JX 2i �HX UkyR3VX Ŀ :2MQK2@qB/2 �bb2bbK2Mi Q7 .Bp2`bBiv �M/ .Bp2`;2M+2 �KQM;
1ti�Mi :�H�T�;Qb :B�Mi hQ`iQBb2 aT2+B2b ŀX RyNXe- TX eRR@eRNX ,

X
JBM2m`- 6X- hX "2Hb?2`- JX SX CQ?MbQM- *X �X J�;;b 2i JX o2`H�[m2 UkyydVX Ŀ 1tT2`BK2Mi�H

�bb2bbK2Mi Q7 Pvbi2` h`�Mb72`b �b � o2+iQ` 7Q` J�+`Q�H;�H AMi`Q/m+iBQMb ŀX
RjdXk- TX kjd@k9dX , X

JBM2m`- 6X- JX SX CQ?MbQM 2i *X �X J�;;b Ukyy3VX Ŀ J�+`Q�H;�H AMi`Q/m+iBQMb #v >mHH 6QmHBM;
QM _2+`2�iBQM�H o2bb2Hb , a2�r22/b �M/ a�BHQ`b ŀX 9kX9- TX eed@
edeX , X

JB`�HH2b- GX- JX :QK2x@�;2MDQ- 6X _�vQM@oBƢ�- :X :v`�Biđ 2i 1X :�`+B�@o�x[m2x UkyR3VX Ŀ �H2`i
*�HHBM; BM SQ`i �`2�b , J�`BM2 GBii2` �b SQbbB#H2 a2+QM/�`v .BbT2`b�H o2+iQ` 7Q` >Bi+??BFBM;
AMp�bBp2 aT2+B2b ŀX 9k- TX Rk@R3X ,

X
JHQmF�- _X- CX *�+?Qi- EX "QmF�/B/�- *X *Hû`�M/2�m- SX@uX :Qm`p2b 2i JX "�MMB UkyRNVX

Ŀ *QKT�`2/ _2bTQMb2b iQ *QTT2` �M/ AM+`2�b2/ h2KT2`�im`2b Q7 >v#`B/ �M/ Sm`2 PzbT`BM;
Q7 hrQ Jmbb2H aT2+B2b ŀX e38- TX dN8@3y8X ,

X
JQHM�`- CX GX- _X GX :�K#Q�- *X _2p2M;� 2i JX .X aT�H/BM; Ukyy3VX Ŀ �bb2bbBM; i?2 :HQ#�H

h?`2�i Q7 AMp�bBp2 aT2+B2b iQ J�`BM2 "BQ/Bp2`bBiv ŀX
eXN- TX 938@9NkX , X
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JQQM2v- >X �X 2i 1X 1X *H2H�M/ UkyyRVX Ŀ h?2 1pQHmiBQM�`v AKT�+i Q7 AMp�bBp2 aT2+B2b ŀX
N3XRy- TX 899e@898RX ,

X
JQ`�Bb- SX 2i JX _2B+?�`/ UkyR3VX Ŀ *`vTiB+ AMp�bBQMb , � _2pB2r ŀX

eRj@eR9- TX R9j3@R993X , X
JQ`�M- hX 2i �X 6QMi/2pBH� UkyR9VX Ŀ :2MQK2@qB/2 .Bbb2+iBQM Q7 >v#`B/ ai2`BHBiv BM .`QbQT?BH�

*QM}`Kb � SQHv;2MB+ h?`2b?QH/ �`+?Bi2+im`2 ŀX Ry8Xj- TX j3R@jNeX ,
X

JQvH2- GX *X 2i hX L�F�x�iQ Ukyy3VX Ŀ *QKTH2t 1TBbi�bBb 7Q` .Q#x?�MbFv@JmHH2` >v#`B/ AM@
+QKT�iB#BHBiv BM aQH�MmK ŀX R3RXR- TX j9d@j8RX ,

X
JmHH2`- >X CX URN9kVX Ŀ AbQH�iBM; J2+?�MBbKb- 1pQHmiBQM- �M/ h2KT2`�im`2 ŀX e-

TX dR@Rk8X , X
Jm`;�`2HH�- JX- .X SmBm- "X LQpQ�- �X 6B;m2`�b- .X SQb�/� 2i *X *�M+?�v� UkyReVX Ŀ � 6B`bi

AMbB;?i BMiQ i?2 :2MQK2 Q7 i?2 6BHi2`@622/2` Jmbb2H JviBHmb :�HHQT`QpBM+B�HBb ŀX
RRXj- 2yR8R8eR@2yR8R8eRX , X

Jv2`b- CX >X- .X aBK#2`HQz- �X JX Em`Bb 2i CX _X *�`2v UkyyyVX Ŀ 1`�/B+�iBQM _2pBbBi2/ ,
.2�HBM; rBi? 1tQiB+ aT2+B2b ŀX R8X3- TX jRe@jkyX ,

X

L�;vH�FB- hX 2i JX JQQ/v URN3yVX Ŀ .BzmbBQM JQ/2H 7Q` :2MQivT2@.2T2M/2Mi JB;`�iBQM ŀX
ddX3- TX 939k@939eX ,

UpBbBiû H2 ydfyjfkyRdVX
L;mv2M- hX hX- "X CX >�v2b 2i "X �X AM;`�K UkyR9VX Ŀ :2M2iB+ S�`�K2i2`b �M/ _2bTQMb2

iQ a2H2+iBQM BM "Hm2 Jmbb2H UJviBHmb :�HHQT`QpBM+B�HBbV lbBM; � aLS@"�b2/ S2/B;`22 ŀX
9ky@9kR- TX kN8@jyRX , X

LQQ`- JX �X 6X- EX GX :`�Kb- GX �X "2`im++B- uX �HK2M/�`2x- CX _2BH�M/ 2i EX _X aKBi? UkyyRVX
Ŀ h?2 :2M2iB+b Q7 _2T`Q/m+iBp2 AbQH�iBQM �M/ i?2 SQi2MiB�H 7Q` :2M2 1t+?�M;2 #2ir22M

�M/ pB� "�+F+`Qbb >v#`B/ J�H2b ŀX 88Xj-
TX 8Rk@8kRX , X

LQbBH- SX UkyRkVX X PlS Pt7Q`/X
LQp�F- aX 2i _X EQHH�` UkyRdVX Ŀ aT�iB�H :2M2 6`2[m2M+v q�p2b lM/2` :2MQivT2@.2T2M/2Mi

.BbT2`b�H ŀX ky8XR- TX jed@jd9X , X
LmM2b- �X GX- aX E�ib�M2p�FBb- �X w2M2iQb 2i �X *X *�`/QbQ UkyR9VX Ŀ :�i2r�vb iQ �HB2M

AMp�bBQMb BM i?2 1m`QT2�M a2�b ŀX NXk- TX Rjj@R99X ,
X

P?i�- hX URNdjVX Ŀ aHB;?iHv .2H2i2`BQmb Jmi�Mi am#biBimiBQMb BM 1pQHmiBQM ŀX k9e- TX Ne@
N3X

P``- >X �X- CX SX J�bHv 2i .X *X S`2b;`�p2b Ukyy9VX Ŀ aT2+B�iBQM :2M2b ŀX
R9Xe- TX ed8@edNX , X

P``- >X �X URNNyVX Ŀ Ǵq?v SQHvTHQB/v Ab _�`2` BM �MBK�Hb h?�M BM SH�MibǴ _2pBbBi2/ ŀX
RjeXe- TX d8N@ddyX , X

P``- >X �X 2i aX A`pBM; UkyyRVX Ŀ *QKTH2t 1TBbi�bBb �M/ i?2 :2M2iB+ "�bBb Q7 >v#`B/ ai2`BHBiv BM
i?2 .`QbQT?BH� Sb2m/QQ#b+m`� "Q;Qi�@la� >v#`B/Bx�iBQM ŀX R83Xj- TX Ry3N@RRyyX

, X
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Pv�`xȹM- SX �X- CX 1X hQ`Q- CX AX *�Ƣ2i2 2i CX SX �X :�`/M2` UkyReVX Ŀ "BQBMp�bBQM h?`2�i2Mb
i?2 :2M2iB+ AMi2;`Biv Q7 L�iBp2 .Bp2`bBiv �M/ � L�im`�H >v#`B/ wQM2 , aKQQi?@a?2HH2/
"Hm2 Jmbb2Hb UJviBHmb aTTXV BM i?2 ai`�Bi Q7 J�;2HH�M ŀX

RRdXj- TX 8d9@838X , X

SB�H2F- CX 2i LX >X "�`iQM URNNdVX Ŀ h?2 aT`2�/ Q7 �M �/p�Mi�;2Qmb �HH2H2 �+`Qbb � "�`@
`B2` , h?2 1z2+ib Q7 _�M/QK .`B7i �M/ a2H2+iBQM �;�BMbi >2i2`Qxv;Qi2b ŀX R98Xk-
TX 9Nj@8y9X , X

SB�H2F- CX- >X *X >�mz2 2i CX "X a2�`H2 Ukyy8VX Ŀ *?`QKQbQK�H o�`B�iBQM BM i?2 >Qmb2 JQmb2 ŀX
39Xj- TX 8j8@8ejX ,

X
SQTQpB+- AX- �X JX �X J�iB�b- LX "B2`M2 2i *X _B;BMQb UkyRNVX Ŀ hrBM AMi`Q/m+iBQMb #v AM/2@

T2M/2Mi AMp�/2` Jmbb2H GBM2�;2b �`2 "Qi? �bbQ+B�i2/ rBi? _2+2Mi �/KBtim`2 rBi? � L�iBp2
*QM;2M2` BM �mbi`�HB� ŀX - 2p�XRk38dX , X

S`2Mi2`- CX- *X J�+L2BH- CX hX .B+F 2i �X JX .mMM Ukyy9VX Ŀ _QH2b Q7 S�`�bBi2b BM �MBK�H
AMp�bBQMb ŀX RNXd- TX j38@jNyX ,

X
Si�+2F- JX "X- >X *X :2`?�`/i 2i _X .X a�;2 URNN9VX Ŀ aT2+B�iBQM #v SQHvTHQB/v BM h`227`Q;b ,

JmHiBTH2 P`B;BMb Q7 i?2 h2i`�THQB/- ŀX 93Xj- TX 3N3@Ny3X ,
X

Zm2b�/�- >X- _X q2MM2 2i .X PX 6X aFB#BMbFB URNN8�VX Ŀ .Bz2`2MiB�H AMi`Q;`2bbBQM Q7 JB@
iQ+?QM/`B�H .L� �+`Qbb aT2+B2b "QmM/�`B2b rBi?BM i?2 J�`BM2 Jmbb2H :2Mmb ŀX

kekXRjej- TX 8R@8eX ,
X

Zm2b�/�- >X- *X JX "2vMQM 2i .X PX 6X aFB#BMbFB URNN8#VX Ŀ � JBiQ+?QM/`B�H .L� .Bb+QMiB@
MmBiv BM i?2 Jmbb2H GKF , SH2BbiQ+2M2 oB+�`B�M+2 "BQ;2Q;`�T?v
�M/ a2+QM/�`v AMi2`;`�/�iBQMX ŀ RkXj- TX 8kR@8k9X ,

X
Zm2b�/�- >X- *X w�T�i� 2i :X �Hp�`2x URNN8+VX Ŀ � JmHiBHQ+mb �HHQxvK2 .Bb+QMiBMmBiv BM i?2

Jmbb2H , h?2 AMi2`�+iBQM Q7 1+QHQ;B+�H �M/ GB72@>BbiQ`v 6�+iQ`b ŀX
RRe- TX NN@RR8X ,

X

_�Kő`2x- aX *X 2i CX *�+2`2b@J�`iőM2x URNNNVX Ŀ a2iiH2K2Mi Q7 i?2 "Hm2 Jmbb2H JviBHmb :�H@
HQT`QpBM+B�HBb G�K�`+F QM �`iB}+B�H am#bi`�i2b BM "�?B� /2 hQ/Qb a�MiQb "*- J2tB+Q ŀX

R3XR- TX jj@jNX
_�pBM2i- JX 2i �HX UkyRdVX Ŀ AMi2`T`2iBM; i?2 :2MQKB+ G�M/b+�T2 Q7 aT2+B�iBQM , � _Q�/ J�T

7Q` 6BM/BM; "�``B2`b iQ :2M2 6HQr ŀX jyX3- TX R98y@R9ddX
, X

_�rbQM- SX .X- SX PX umM/ 2i *X aH�m;?i2` UkyyjVX Ŀ S�ii2`Mb Q7 :�K2i2 AM+QKT�iB#BHBiv
#2ir22M i?2 "Hm2 Jmbb2Hb JviBHmb 1/mHBb �M/ J X h`QbbmHmb ŀX R9jXk-
TX jRd@jk8X , X

_�rbQM- SX .X 2i hX CX >BH#Bb? URNN8VX Ŀ 1pQHmiBQM�`v _2H�iBQMb?BTb �KQM; i?2 J�H2 �M/ 62K�H2
JBiQ+?QM/`B�H .L� GBM2�;2b BM i?2 JviBHmb 1/mHBb aT2+B2b *QKTH2tX ŀ

RkX8- TX 3Nj@NyRX , X
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_?vK2`- CX JX 2i .X aBK#2`HQz URNNeVX Ŀ 1tiBM+iBQM "v >v#`B/Bx�iBQM �M/ AMi`Q;`2bbBQM ŀX
kd- TX 3j@RyNX ,

X
_B#2B`Q- �X JX- *X �X *�M+?�v�- 6X S2M�HQx�- CX :�HBM/Q 2i _X _X /� 6QMb2+� UkyR3VX Ŀ SQTm@

H�iBQM :2MQKB+ 6QQiT`BMib Q7 1MpB`QMK2Mi�H SQHHmiBQM S`2bbm`2 BM L�im`�H SQTmH�iBQMb Q7
i?2 J2/Bi2``�M2�M Jmbb2H ŀX X , X

_B2b2#2`;- GX >X- aX@*X EBK- _X �X _�M/2HH- EX .X q?BiM2v- "X GX :`Qbb- *X G2t2` 2i EX *H�v
UkyydVX Ŀ >v#`B/Bx�iBQM �M/ i?2 *QHQMBx�iBQM Q7 LQp2H >�#Bi�ib #v �MMm�H amM~Qr2`b ŀX

RkNXk- TX R9N@Re8X , X
_B[m2i- 6X- �X aBKQM 2i LX "B2`M2 UkyRdVX Ŀ q2B`/ :2MQivT2b \ .QMǶi .Bb+�`/ h?2K- h`�MbKBb@

bB#H2 *�M+2` *QmH/ "2 �M 1tTH�M�iBQM ŀX Ry- TX R9y@R98X ,
X

_Bmb- JX 2i CX �X .�`HBM; UkyR9VX Ŀ >Qr AKTQ`i�Mi Ab AMi`�bT2+B}+ :2M2iB+ �/KBtim`2 iQ i?2
am++2bb Q7 *QHQMBbBM; SQTmH�iBQMb \ ŀ kNX9- TX kjj@k9kX

, X
_Q#2`ib- .X URNdeVX Ŀ jX Jmbb2Hb �M/ SQHHmiBQM ŀX

X aQmb H� /B`X /2 "X GX "�vM2X "�vM2 "X GX hX RyX AMi2`M�iBQM�H "BQHQ;B+�H S`Q;`�KK2X
*�K#`B/;2 lMBp2`bBiv S`2bb- TX 3R@RkyX

_QKB;mB2`- CX 2i �HX UkyR9VX Ŀ *QKT�`�iBp2 SQTmH�iBQM :2MQKB+b BM �MBK�Hb lM+Qp2`b i?2
.2i2`KBM�Mib Q7 :2M2iB+ .Bp2`bBiv ŀX 8R8Xd8ke- TX keR@kejX ,

X
_Q[m2b- GX UkyRjVX X 1/BiBQMb Zm�2X
_Qm;2mt- *X- GX "2`M�i+?2x 2i SX@�X :�;M�B`2 UkyRdVX Ŀ JQ/2HBM; i?2 JmHiBTH2 6�+2ib Q7

aT2+B�iBQM@rBi?@:2M2@6HQr iQr�`/ AM72``BM; i?2 .Bp2`;2M+2 >BbiQ`v Q7 G�F2 q?Bi2}b? aT2@
+B2b S�B`b U*Q`2;QMmb *HmT2�7Q`KBbV ŀX NX3- TX ky8d@kyd9X

, X
_Qmt- *X- *X 6`�śbb2- oX *�bi`B+- sX o2F2K�Mb- :X >X SQ;bQM 2i LX "B2`M2 UkyR9VX Ŀ *�M q2

*QMiBMm2 iQ L2;H2+i :2MQKB+ o�`B�iBQM BM AMi`Q;`2bbBQM _�i2b q?2M AM72``BM; i?2 >BbiQ`v
Q7 aT2+B�iBQM \ � *�b2 aim/v BM � >v#`B/ wQM2 ŀX
kdX3- TX Reek@Red8X , X

_Qmt- *X- *X 6`�śbb2- CX _QKB;mB2`- uX �M+B�mt- LX :�HiB2` 2i LX "B2`M2 UkyReVX Ŀ a?2//BM; GB;?i
QM i?2 :`2v wQM2 Q7 aT2+B�iBQM �HQM; � *QMiBMmmK Q7 :2MQKB+ .Bp2`;2M+2 ŀX
R9XRkX aQmb H� /B`X /2 *X JQ`Bix- 2kyyykj9X , X

_m2bBMF- CX GX- >X aX G2MB?�M- �X *X h`BK#H2- EX qX >2BK�M- 6X JB+?2HB- CX 1X "v2`b 2i JX *X
E�v Ukyy8VX Ŀ AMi`Q/m+iBQM Q7 LQM@L�iBp2 Pvbi2`b , 1+Qbvbi2K 1z2+ib �M/ _2biQ`�iBQM
AKTHB+�iBQMb ŀX jeXR- TX e9j@e3NX

, X
_mBx- :X JX- SX qX 6Q7QMQz- CX hX *�`HiQM- JX CX qQM?�K 2i �X >X >BM2b UkyyyVX Ŀ AMp�bBQM

Q7 *Q�bi�H J�`BM2 *QKKmMBiB2b BM LQ`i? �K2`B+� , �TT�`2Mi S�ii2`Mb- S`Q+2bb2b- �M/
"B�b2b ŀX jRXR- TX 93R@8jRX ,

X

a��`K�M- LX SX 2i :X >X SQ;bQM UkyR8VX Ŀ AMi`Q;`2bbBQM #2ir22M AMp�bBp2 �M/ L�iBp2 "Hm2
Jmbb2Hb U:2Mmb V BM i?2 *2Mi`�H *�HB7Q`MB� >v#`B/ wQM2 ŀX k9XR3-
TX 9dkj@9dj3X , X

a��p2/`�- *X 2i 1X "�+?ĕ`2 UkyyeVX Ŀ "Bp�Hp2 :2MQKB+b ŀX k8eXR@9- TX R@R9X ,
X

kNe



a�+?/2p�- >X 2i LX >X "�`iQM UkyR3�VX Ŀ AMi`Q;`2bbBQM Q7 � "HQ+F Q7 :2MQK2 mM/2` AM}MBi2bBK�H
a2H2+iBQM ŀX kyNX9- TX RkdN@RjyjX , X

ě UkyR3#VX Ŀ _2THB+�#BHBiv Q7 AMi`Q;`2bbBQM mM/2` GBMF2/- SQHv;2MB+ a2H2+iBQM ŀX X ,
X

a�F�B- �X EX 2i �HX UkyyRVX Ŀ h?2 SQTmH�iBQM "BQHQ;v Q7 AMp�bBp2 aT2+B2b ŀX
jkXR- TX jy8@jjkX ,

UpBbBiû H2 y8fydfkyRdVX
a�MDm�M- �X- *X w�T�i� 2i :X �Hp�`2x URNN9VX Ŀ JviBHmb :�HHQT`QpBM+B�HBb �M/ JX 1/mHBb QM i?2

*Q�bib Q7 i?2 A#2`B�M S2MBMbmH� ŀX RRj- TX RjR@R9eX ,
X

a�t- .X 6X 2i CX >X "`QrM UkyyyVX Ŀ h?2 S�`�/Qt Q7 AMp�bBQM ŀX
NX8- TX jej@jdRX ,

UpBbBiû H2 y8fydfkyRdVX
a+?B2`2M#2+F- EX �X 2i LX *X 1HHbi`�M/ UkyyNVX Ŀ >v#`B/Bx�iBQM �M/ i?2 1pQHmiBQM Q7 AMp�bBp2M2bb

BM SH�Mib �M/ Pi?2` P`;�MBbKb ŀX RRX8- TX RyNj@RRy8X ,
X

a+?Hmi2`- .X UkyyNVX Ŀ 1pB/2M+2 7Q` 1+QHQ;B+�H aT2+B�iBQM �M/ Aib �Hi2`M�iBp2 ŀX jkjX8NR8-
TX djd@d9RX , X

a+?M22K�MM- >X- "X .2 a�M+iBb 2i CX CX q2H+? UBM T`2TXVX Ŀ h?2 :2M2iB+b �M/ :2QK2i`v Q7
>v#`B/Bx�iBQM ŀX 1M T`ûTX

a+?mK2`- JX- _X *mB- .X GX SQr2HH- _X .`2bM2`- :X :X _Qb2Mi?�H 2i SX �M/QH7�iiQ UkyR9�VX
Ŀ >B;?@_2bQHmiBQM J�TTBM; _2p2�Hb >mM/`2/b Q7 :2M2iB+ AM+QKT�iB#BHBiB2b BM >v#`B/BxBM;
6Bb? aT2+B2b ŀX j- 2yk8j8X , X

a+?mK2`- JX- :X :X _Qb2Mi?�H 2i SX �M/QH7�iiQ UkyR9#VX Ŀ >Qr *QKKQM Ab >QKQTHQB/ >v#`B/
aT2+B�iBQM \ ŀ e3Xe- TX R88j@R8eyX , X

ě UkyR3�VX Ŀ q?�i .Q q2 J2�M q?2M q2 h�HF �#Qmi >v#`B/ aT2+B�iBQM \ ŀ RkyX9-
TX jdN@j3kX , X

a+?mK2`- JX 2i �HX UkyR3#VX Ŀ L�im`�H a2H2+iBQM AMi2`�+ib rBi? _2+QK#BM�iBQM iQ a?�T2 i?2
1pQHmiBQM Q7 >v#`B/ :2MQK2b ŀX jeyXej3N- TX e8e@eeyX ,

X
a22/- _X URNdeVX Ŀ RX 1+QHQ;v ŀX X aQmb H� /B`X

/2 "X GX "�vM2X AMi2`M�iBQM�H "BQHQ;B+�H S`Q;`�KK2X *�K#`B/;2 lMBp2`bBiv S`2bb- TX Rj@e8X
a22?�mb2M- PX 2i �HX UkyR9VX Ŀ :2MQKB+b �M/ i?2 P`B;BM Q7 aT2+B2bX ŀ

R8Xj- TX Rde@NkX , X
aBK#2`HQz- .X UkyyNVX Ŀ h?2 _QH2 Q7 S`QT�;mH2 S`2bbm`2 BM "BQHQ;B+�H AMp�bBQMb ŀX

9yXR- TX 3R@RykX ,
X

aBKQM- �X- LX "B2`M2 2i CX CX q2H+? UkyR3VX Ŀ *Q�/�Ti2/ :2MQK2b �M/ a2H2+iBQM QM >v#`B/b ,
6Bb?2`Ƕb :2QK2i`B+ JQ/2H 1tTH�BMb � o�`B2iv Q7 1KTB`B+�H S�ii2`Mb ŀX kX8-
TX 9dk@9N3X , X

aBKQM- �X 2i JX .m`�MiQM UkyR3VX Ŀ .B;2bi , .2KQ;`�T?B+ AM72`2M+2b �++QmMiBM; 7Q` a2H2+iBQM
�i GBMF2/ aBi2b ŀX X , X

aBKQM- �X- *X 6`�śbb2- hX 1H �v�`B- *X GB�mi�`/@>��;- SX ai`2HFQp- CX CX q2H+? 2i LX "B2`M2
UkyRN�VX Ŀ GQ+�H AMi`Q;`2bbBQM �i hrQ aT�iB�H a+�H2b BM JQb�B+ >v#`B/ wQM2b Q7 Jmbb2Hb ŀX

X , X aQmKBbX
aBKQM- �X 2i �HX UkyRN#VX Ŀ _2THB+�i2/ �Mi?`QTQ;2MB+ >v#`B/Bb�iBQMb _2p2�H S�`�HH2H S�ii2`Mb

Q7 �/KBtim`2 BM J�`BM2 Jmbb2Hb ŀX X , X
S`ûTm#HX

kNd



aFB#BMbFB- .X PX 6X- JX �?K�/ 2i CX �X "2�`/KQ`2 URNd3�VX Ŀ :2M2iB+ 1pB/2M+2 Q7 L�im`�HHv
P++m``BM; >v#`B/b #2ir22M �M/ ŀX jkXk- TX j89@je9X

, X
aFB#BMbFB- .X PX 6X 2i CX �X "2�`/KQ`2 URNdNVX Ŀ � :2M2iB+ aim/v Q7 AMi2`;`�/�iBQM #2ir22M

�M/ ŀX j8XRR- TX R99k@R999X ,
X

aFB#BMbFB- .X PX 6X- CX �X "2�`/KQ`2 2i JX �?K�/ URNd3#VX Ŀ :2M2iB+ �B/b iQ i?2 aim/v
Q7 *HQb2Hv _2H�i2/ h�t� Q7 i?2 :2Mmb ŀX

X aQmb H� /B`X /2 "X "�ii�;HB� 2i CX �X "2�`/KQ`2X S`Q+22/BM;b Q7 � L�hP
�/p�M+2/ aim/v _2b2�`+? AMbiX QM i?2 :2M2iB+b- 1pQHmiBQM- �M/ 1+QHQ;v Q7 J�`BM2 P`;�@
MBbKb >2H/ BM i?2 6QM/�xBQM2 :BQ`;BQ *BMB- o2MB+2- RNddX SH2MmK Sm#HBb?BM; *Q`TQ`�iBQM-
TX 9eN@93eX

aFm`BF?BM�- GX �X- uX 6X E�`i�pib2p- �X uX *?B+?p�`F?BM 2i JX oX S�MǶFQp� UkyyRVX Ŀ aim/v
Q7 hrQ aT2+B2b Q7 Jmbb2Hb- JviBHmb h`QbbmHmb�M/ JviBHmb :�HHQT`QpBM+B�HBbU"Bp�HpB�- JviB@
HB/�2V- �M/ h?2B` >v#`B/b BM S2i2` i?2 :`2�i "�v Q7 i?2 a2� Q7 C�T�M rBi? i?2 lb2 Q7 S*_
J�`F2`b ŀX jdXRk- TX 9X

aH�iFBM- JX 2i hX J�`mv�K� URNd8VX Ŀ :2M2iB+ .`B7i BM � *HBM2 ŀX 3RXR- TX kyN@kkkX
, UpBbBiû H2 Ryfy9fkyRdVX

aH�m;?i2`- *X- JX �X J+*�`iM2v 2i SX PX umM/ Ukyy3VX Ŀ *QKT�`BbQM Q7 :�K2i2 *QKT�iB#BHBiv
"2ir22M hrQ "Hm2 Jmbb2H aT2+B2b BM avKT�i`v �M/ BM �HHQT�i`v ŀX
kR9XR- TX 8d@eeX , X

aK�/D�- *X 2i :X :�M2K Ukyy8VX Ŀ �bvKK2i`B+�H _2T`Q/m+iBp2 *?�`�+i2` .BbTH�+2K2Mi BM i?2
>Qmb2 JQmb2 ŀX R3Xe- TX R938@R9NjX ,

X
aT`BM;2`- aX �X 2i "X CX *`2bTB UkyydVX Ŀ �/�TiBp2 :�K2i2@_2+Q;MBiBQM .Bp2`;2M+2 BM � >v@

#`B/BxBM; JviBHmb SQTmH�iBQM ŀX eRX9- TX ddk@d3jX ,
X

ai�KKMBix- JX _X 2i �HX UkyR3VX Ŀ h?2 P`B;BMb �M/ omHM2`�#BHBiB2b Q7 hrQ h`�MbKBbbB#H2 *�M+2`b
BM h�bK�MB�M .2pBHb ŀX jjX9- eyd@eRNX2R8X ,

X
aiQ`+?Qp�- _X- aX :`2;Q`Qp�- .X "m+FBQp�- oX Evb2HQp�- SX .BpBM� 2i CX 6Q`2Di Ukyy9VX Ŀ :2M2iB+

�M�HvbBb Q7 s@GBMF2/ >v#`B/ ai2`BHBiv BM i?2 >Qmb2 JQmb2 ŀX R8XdX ,
X

ai`2HFQp- SX- JX E�iQHBFQp� 2i _X o BMQH  UkyRdVX Ŀ h2KTQ`�H *?�M;2 Q7 i?2 "�HiB+ a2�ĜLQ`i?
a2� "Hm2 Jmbb2H >v#`B/ wQM2 Qp2` hrQ .2+�/2b ŀX Re9XRR- TX kR9X ,

X
aim+F�b- >X- EX aiQQ7- >X Zm2b�/� 2i _X hB2/2K�MM UkyyNVX Ŀ 1pQHmiBQM�`v AKTHB+�iBQMb Q7

.Bb+Q`/�Mi *HBM2b �+`Qbb i?2 "�HiB+ JviBHmb >v#`B/ wQM2 UJviBHmb 1/mHBb �M/ JviBHmb h`Qb@
bmHmbV ŀX RyjXk- TX R9e@R8eX , X

avHp2bi2`- 6X 2i �HX UkyRRVX Ŀ >mHH 6QmHBM; �b �M AMp�bBQM o2+iQ` , *�M aBKTH2 JQ/2Hb 1tTH�BM
� *QKTH2t S`Q#H2K \ ŀ 93Xk- TX 9R8@9kjX ,

X
axvKm`�- CX JX 2i LX >X "�`iQM URN3eVX Ŀ :2M2iB+ �M�HvbBb Q7 � >v#`B/ wQM2 "2ir22M i?2 6B`2@

"2HHB2/ hQ�/b- "QK#BM� "QK#BM� �M/ "X o�`B2;�i�- L2�` *`�+Qr BM aQmi?2`M SQH�M/ ŀX
9yXe- TX RR9R@RR8NX

h2KTH2iQM- �X _X Ukyy3VX Ŀ h?2 _2�HBiv �M/ AKTQ`i�M+2 Q7 6QmM/2` aT2+B�iBQM BM 1pQHmiBQM ŀX
jyX8- TX 9dy@9dNX , X

kN3



h2M�BHHQM- PX- PX EX aBH�M/2`- CX@SX lx�M 2i GX *?�Q UkyydVX Ŀ Zm�MiB7vBM; P`;�MBbK�H *QK@
TH2tBiv lbBM; � SQTmH�iBQM :2M2iB+ �TT`Q�+? ŀX kXk- 2kRdX ,

X
h?QK�b- 6X- hX G272p`2 2i JX _�vKQM/ UkyReVX X "BQHQ;B2X .2 "Q2+F bmTû@

`B2m`X , X
h?QKTbQM- EX UkyR9VX :`2vbiQM2 #QQFbX
hBM+m- CX �X 2i aX qX h�vHQ` Ukyy9VX Ŀ �MiBKB+`Q#B�H S2TiB/2b 7`QK J�`BM2 AMp2`i2#`�i2b ŀX

93XRy- TX je98@je89X ,
X

hQ/2b+Q- JX 2i �HX UkyRNVX Ŀ J�bbBp2 >�THQivT2b lM/2`HB2 1+QivTB+ .Bz2`2MiB�iBQM BM amM~Q@
r2`b ŀX X , X

hQ`+?BM- JX 1X- EX .X G�z2`iv 2i �X JX Em`Bb UkyykVX Ŀ S�`�bBi2b �M/ J�`BM2 AMp�bBQMb ŀX
Rk9Xd- TX Rjd@R8RX , X

hƦi?- 1X :X- �X "2/2@6�x2F�b- :X :X o2M/`�KBM- 6X "�;MQHB 2i JX >ƺ?M UkyRdVX Ŀ JB/@
SH2BbiQ+2M2 �M/ >QHQ+2M2 .2KQ;`�T?B+ 6Hm+im�iBQM Q7 a+Qib SBM2 U SBMmb avHp2bi`Bb GXV BM
i?2 *�`T�i?B�M JQmMi�BMb �M/ i?2 S�MMQMB�M "�bBM , aB;Mb Q7 >BbiQ`B+�H 1tT�MbBQMb �M/
*QMi`�+iBQMb ŀX X , X

h`B2`- *X LX 2i CX aX >2`K�Mb2M UkyR9VX Ŀ 1pB/2M+2 7Q` JBiQ@Lm+H2�` �M/ a2t@GBMF2/ _2T`Q/m+@
iBp2 "�``B2`b #2ir22M i?2 >v#`B/ Ai�HB�M aT�``Qr �M/ Aib S�`2Mi aT2+B2b ŀX
RyXR- TX RyX

hm`2HHB- JX 2i >X �X P`` URNN8VX Ŀ h?2 .QKBM�M+2 h?2Q`v Q7 >�H/�M2Ƕb _mH2X ŀ R9yXR-
TX j3N@9ykX , UpBbBiû H2
RNfRyfkyReVX

ě UkyyyVX Ŀ .QKBM�M+2- 1TBbi�bBb �M/ i?2 :2M2iB+b Q7 SQbixv;QiB+ AbQH�iBQM ŀX R89X9-
TX ReejX , X

hm`M2`- GX JX 2i "X >�`` UkyR9VX Ŀ :2MQK2@qB/2 J�TTBM; BM � >Qmb2 JQmb2 >v#`B/ wQM2
_2p2�Hb >v#`B/ ai2`BHBiv GQ+B �M/ .Q#x?�MbFv@JmHH2` AMi2`�+iBQMb ŀX j- 2yk8y9X ,

X
hm`M2`- hX GX- JX qX >�?M 2i aX oX Lmx?/BM Ukyy8VX Ŀ :2MQKB+ AbH�M/b Q7 aT2+B�iBQM BM

�MQT?2H2b :�K#B�2 ŀX jXN- TX R8dk@R8d3X ,
X

lHB�MQ@aBHp�- JX 2i �HX UkyR3VX Ŀ � >v#`B/@>B2`�`+?B+�H :2MQK2 �bb2K#Hv ai`�i2;v iQ a2[m2M+2
i?2 AMp�bBp2 :QH/2M Jmbb2H- GBKMQT2`M� 6Q`imM2B ŀX dXkX ,

X

o BMQH - _X 2i JX JX >pBHbQK URNNRVX Ŀ :2M2iB+ .Bp2`;2M+2 �M/ � >v#`B/ wQM2 #2ir22M "�HiB+
�M/ LQ`i? a2� SQTmH�iBQMb UJviBHB/�2 , JQHHmb+�V ŀX

9jXk- TX Rkd@R93X , X
o�M "2HH2;?2K- aX JX- EX .2 qQH7 2i 6X >2M/`B+Ft UkyReVX Ŀ "2?�pBQ`�H �/�Ti�iBQMb AKTHv �

.B`2+i GBMF #2ir22M 1+QHQ;B+�H aT2+B�HBx�iBQM �M/ _2T`Q/m+iBp2 AbQH�iBQM BM � avKT�i`B+�HHv

.Bp2`;BM; :`QmM/ "22iH2 , "_A16 *PJJlLA*�hAPL ŀX dyX3- TX RNy9@RNRkX
, X

o�M "2HH2;?2K- aX JX 2i �HX UkyR3VX Ŀ S�ii2`Mb Q7 w *?`QKQbQK2 .Bp2`;2M+2 �KQM;
aT2+B2b >B;?HB;?i i?2 AKTQ`i�M+2 Q7 >BbiQ`B+�H .2KQ;`�T?v ŀX X ,

X

kNN



o�`pBQ- aX@GX- _X EX EQ2?M 2i _X o BMQH  URN33VX Ŀ 1pQHmiBQM�`v :2M2iB+b Q7 i?2
*QKTH2t BM i?2 LQ`i? �iH�MiB+ _2;BQM ŀX N3XR- TX 8R@eyX ,

X
o2`K2BD- :X CX URNNkVX Ŀ h`�Mb@1[m�iQ`B�H *QMM2+iBQMb #2ir22M "BQi�b BM i?2 h2KT2`�i2 1�b@

i2`M �iH�MiB+ ŀX RRkXk- TX j9j@j93X , X
oB�`/- 6X- SX .�pB/ 2i CX �X .�`HBM; UkyReVX Ŀ J�`BM2 AMp�bBQMb 1Mi2` i?2 :2MQKB+ 1`� , h?`22

G2bbQMb 7`QK i?2 S�bi- �M/ i?2 q�v 6Q`r�`/ ŀX ekXe- TX ekN@e9kX ,
X

q�M;- aX 2i �HX UkyRdVX Ŀ a+�HHQT :2MQK2 S`QpB/2b AMbB;?ib BMiQ 1pQHmiBQM Q7 "BH�i2`B�M E�@
`vQivT2 �M/ .2p2HQTK2Mi ŀX RX8- TX yRkyX ,

X
q�bbQM- EX- *X CX w�#BM- GX "2/BM;2`- JX *`BbiBM� .B�x 2i CX aX S2�`b2 UkyyRVX Ŀ "BQHQ;B+�H

AMp�bBQMb Q7 1bim�`B2b rBi?Qmi AMi2`M�iBQM�H a?BTTBM; , h?2 AKTQ`i�M+2 Q7 AMi`�`2;BQM�H
h`�MbTQ`i ŀX RykXk- TX R9j@R8jX ,

X
qĠbƈ�rbFB- CX JX 2i GX EQirB+FB UkyR3VX Ŀ J�+`Q@SH�biB+ GBii2`- � L2r o2+iQ` 7Q` "Q`2�H aT2+B2b

.BbT2`b�H QM ap�H#�`/ ŀX jNXR- TX Re8@Rd9X , X
q2bi7�HH- EX JX 2i CX SX �X :�`/M2` UkyRjVX Ŀ AMi2`HBM2�;2 JviBHmb :�HHQT`QpBM+B�HBb GKFX

R3RN >v#`B/Bx�iBQM uB2H/b AM+QMbBbi2Mi :2M2iB+ Pmi+QK2b BM i?2 aQmi?2`M >2KBbT?2`2 ŀX
R8Xd- TX R9Nj@R8yeX , X

ě UkyRyVX Ŀ :2M2iB+ .Bp2`bBiv Q7 aQmi?2`M >2KBbT?2`2 "Hm2 Jmbb2Hb U"Bp�HpB� , JviBHB/�2V
�M/ i?2 A/2MiB}+�iBQM Q7 LQM@AM/B;2MQmb h�t� ŀX
RyRX9- TX 3N3@NyNX

qBHFBMb- LX SX- EX 6mDBMQ 2i 1X JX :QbHBM; URN3jVX Ŀ h?2 J2/Bi2``�M2�M Jmbb2H
GKFX BM C�T�M ŀX kyX9- TX je8@jd9X

, X
qBHHB�KbQM- JX URNNeVX X aT`BM;2` a+B2M+2 � "mbBM2bb J2/B�X
qBHbQM- CX- AX J�i2DmbQp�- _X 1X J+AMiQb?- aX *�`#QMB 2i JX "2F�2`i UkyR3VX Ŀ L2r .B�;MQbiB+

aLS JQH2+mH�` J�`F2`b 7Q` i?2 JviBHmb aT2+B2b *QKTH2t ŀX RjXdX aQmb H� /B`X
/2 hX@uX *?B�M;- 2ykyye89X , X

qQH7- .X 1X- LX h�F2#�v�b?B 2i GX >X _B2b#2`; UkyyRVX Ŀ S`2/B+iBM; i?2 _BbF Q7 1tiBM+iBQM
i?`Qm;? >v#`B/Bx�iBQM ŀX R8X9- TX RyjN@Ry8jX

qQH7- CX "X qX 2i >X 1HH2;`2M UkyRdVX Ŀ J�FBM; a2Mb2 Q7 :2MQKB+ AbH�M/b Q7 .Bz2`2MiB�iBQM
BM GB;?i Q7 aT2+B�iBQM ŀX R3Xk- TX 3d@RyyX ,

X
qQQ/- aX �X 2i �HX UkyRNVX Ŀ *QMbB/2`�iBQMb 7Q` AM+Q`TQ`�iBM; _2�H@hBK2 S*_ �bb�vb BMiQ

_QmiBM2 J�`BM2 "BQb2+m`Biv am`p2BHH�M+2 S`Q;`�KK2b , � *�b2 aim/v h�`;2iBM; i?2 J2/B@
i2``�M2�M 6�MrQ`K U V �M/ *Hm# hmMB+�i2 U V ŀX
ekXj- TX Rjd@R9eX , X

uQM2KBibm- JX �X 2i �HX UkyRNVX Ŀ � aBM;H2 *HQM�H GBM2�;2 Q7 h`�MbKBbbB#H2 *�M+2` A/2MiB}2/
BM hrQ J�`BM2 Jmbb2H aT2+B2b BM aQmi? �K2`B+� �M/ 1m`QT2 ŀX 3- 29dd33X ,

X

w�M2- GX UkyRNVX Ŀ � :2MQK2@qB/2 �TT`Q�+? iQ i?2 S?vHQ;2Q;`�T?v Q7 i?2 Jmbb2H JviBHmb
:�HHQT`QpBM+B�HBb BM i?2 �/`B�iB+ �M/ i?2 "H�+F a2�b ŀX e- TX ReX

jyy



w#�rB+F�- JX- �X "m`xvƖbFB- .X PX 6X aFB#BMbFB 2i _X q2MM2 UkyRyVX Ŀ a+QiiBb? JviBHmb h`Qbbm@
Hmb Jmbb2Hb _2i�BM �M+2bi`�H JBiQ+?QM/`B�H .L� , *QKTH2i2 a2[m2M+2b Q7 J�H2 �M/ 62K�H2
Ki.L� :2MQK2b ŀX 98eXR@k- TX 98@8jX , X

w#�rB+F�- JX- CX SX �X :�`/M2` 2i _X q2MM2 UkyRNVX Ŀ *`vTiB+ .Bp2`bBiv BM aKQQi?@a?2HH2/
Jmbb2Hb QM aQmi?2`M P+2�M AbH�M/b , *QMM2+iBpBiv- >v#`B/Bb�iBQM �M/ � J�`BM2 AMp�bBQM ŀX

Re- TX jkX , X
w?�M;- :X 2i �HX UkyRkVX Ŀ h?2 Pvbi2` :2MQK2 _2p2�Hb ai`2bb �/�Ti�iBQM �M/ *QKTH2tBiv Q7

a?2HH 6Q`K�iBQM ŀX 9NyXd9R3- TX 9N@89X , X
wB;H2`- EX aX- JX �X J+*�`iM2v- .X _X G2pBi�M 2i >X �X G2bbBQb Ukyy8VX Ŀ a2� l`+?BM "BM/BM

.Bp2`;2M+2 S`2/B+ib :�K2i2 *QKT�iB#BHBiv ŀX 8NXRR- TX kjNN@k9y9X ,
X
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C2 iB2Mb iQmi /Ƕ�#Q`/ ¨ `2K2`+B2` iQmb H2b K2K#`2b /m Dm`v- [mB QMi �++2Tiû /Ƕûp�Hm2`
KQM i`�p�BHX C2 bQm?�Bi2 �mbbB `2K2`+B2` H2b K2K#`2b /2 KQM +QKBiû /2 i?ĕb2- CQ?M- S�i`B+2-
6`û/û`B[m2- ú`B+- .2MBb 2i "2MQŗi- TQm` �pQB` T`Bb H2 i2KTb /2 K2 +QMb2BHH2` /�Mb H� +QMbi`m+iBQM
/2 +2 T`QD2i /2 i?ĕb2X

G� K�D2m`2 T�`iB2 /2 K� ;`�iBim/2 p� ¨ LB+QH�b UQmB DǶ2M ;�`/2 mM T2m TQm` H2b �mi`2bVX
C2 M2 T2Mb2 T�b [mǶmM /Q+iQ`�Mi TmBbb2 2bTû`2` �pQB` mM K2BHH2m` 2M+�/`�Mi [m2 iQB- �mbbB #B2M
?mK�BM2K2Mi [m2 b+B2MiB}[m2K2MiX J2`+B /2 iQM BMp2biBbb2K2Mi ?Q`b MQ`K2 TQm` i`�MbK2ii`2
i2b +QMM�Bbb�M+2b �p2+ T�bbBQMX hQM BMp2biBbb2K2Mi 2M i2b ûim/B�Mib p� #B2M �m /2H¨ /ǶmM2
bBKTH2 `2H�iBQM T`Q7fûHĕp2 2i /2b ?2m`2b `û;mHBĕ`2b /2 i`�p�BH- 2i TQm` +2H� D2 iǶ2M bmBb i`ĕb
`2+QMM�Bbb�MiX CǶ2bTĕ`2 TQmpQB` +QHH�#Q`2` �p2+ iQB T2M/�Mi 2M+Q`2 i`ĕb HQM;i2KTbX J2`+B �mbbB
¨ iQB CQ?M- [mB K�H;`û HǶ�#b2M+2 /2 iBi`2 Q{+B2H- � ûiû mM `û2H /2mtBĕK2 2M+�/`�MiX § HǶBK�;2
/2 LB+Q- im +QK#BM2b [m�HBiûb ?mK�BM2b 2i b+B2MiB}[m2bX CǶ�B #2�m+QmT �TT`û+Bû T�bb2` /m
i2KTb ¨ *�K#`B/;2- ¨ H� 7QBb TQm` HǶ�K#B�M+2 i`ĕb #`BiBb? /2 H� pBHH2 K�Bb bm`iQmi TQm` �pQB`
Tm +QHH�#Q`û �p2+ iQBX hm �b bm �KûHBQ`û H� [m�HBiû /2 KQM �M;H�Bb 2i iQmDQm`b `ûmbbB ¨ 7�B`2
`2bbQ`iB` +H�B`2K2Mi H2 K2bb�;2 /�Mb /2b û#�m+?2b /2 T�TB2`b /ûbQ`;�MBbûbX

J2`+B #B2M bȿ` ¨ HǶ2Mb2K#H2 /2b K2K#`2b /2 HǶû[mBT2 a1� UT`Q+?�BM2K2Mi "1JV- �+im2Hb
Qm T�bbûb- SB2``2@�H2t�M/`2- 6`�MÏQBb- J�m/- SB2``2- �/`B2M- J�m`BM2- *?`BbiBM2- 6HQ`2MiBM2-
*?`Bbi2HH2 2i �?K2/- TQm` +QMi`B#m2` ¨ H� #QMM2 �K#B�M+2 2i iQmDQm`b āi`2 H¨ TQm` }H2` mM +QmT
/2 K�BMX J2`+B �mbbB ¨ aQT?B2 2i *�i?v- 2M bQmp2MB` /2 H� #QMM2 pB2BHH2 ûTQ[m2 /2 H� bi�iBQM
/2 aĕi2X *Ƕ2bi T�`iB+mHBĕ`2K2Mi �;`û�#H2 /2 TQmpQB` 7�B`2 /2 H� `2+?2`+?2 /�Mb mM2 �K#B�M+2
7�KBHB�H2 2i b�Mb T`Bb2 /2 iāi2X J2`+B TQm` H2b MQK#`2mb2b /Bb+mbbBQMb b+B2MiB}[m2b Qm MQM- ¨
KB/B - �miQm` /ǶmM +�7û Qm bm` H� TH�;2X J�m/ 5 j �Mb 2i /2KBb /ûD¨- 2M 7�Bi im 2b mM T2m
K� DmK2HH2 /2 i?ĕb2X J2`+B /Ƕ�pQB` T�`i�;û �p2+ KQB ?�mib 2i #�b- 2i /Ƕ�pQB` iQmDQm`b ûiû H¨
TQm` TQmpQB` bǶûM2`p2` /2 [m2H[m2 +?Qb2 2Mb2K#H2X C2 i2 bQm?�Bi2 #2�m+QmT /2 +?�M+2b /�Mb
i2b MQmp2HH2b �p2Mim`2b �Kû`B+�BM2bX J2`+B �mbbB ¨ iQmi2b H2b T2`bQMM2b /m #�iBK2Mi k9X J2`+B
�m `2bi2 /2 HǶAa1J 2i �mt /Q+iQ`�Mib 2i TQbi@/Q+b TQm` HǶ�K#B�M+2 �;`û�#H2 /2 `2+?2`+?2- H2b
DQm`M�H +Hm#b 2i #B2M bȿ` H2b Hû;2M/�B`2b r22F@2M/b /ǶBMiû;`�iBQMX

S2iBi2 T�`iB2 bûDQm` ¨ _Qb+Qz- Qɍ 2K#`mMb 2i ;�H2ii2b #`2iQMM2b ûi�B2Mi �m `2M/2x@pQmbX
J2`+B ¨ .2MBb- "2MQŗi 2i HǶû[mBT2 lJA "BQHQ;B2 ûpQHmiBp2 2i û+QHQ;B2 /2b �H;m2b [mB KǶQMi �+@
+m2BHHB T2M/�Mi THmbB2m`b KQBb ¨ H� bi�iBQM #BQHQ;B[m2 /2 _Qb+QzX "B2M [m2 +2 bûDQm` `Qb+QpBi2
MǶ�Bi T�b 2M+Q`2 TQ`iû b2b 7`mBib 2M K�iBĕ`2 /2 KQ/ûHBb�iBQM- BH � T2`KBb H� KBb2 2M TH�+2 /2
#2�m+QmT /2 [m2biBQMM2K2Mib [mB D2 T2Mb2 K2 bmBp`QMi 2M+Q`2 T2M/�Mi HQM;i2KTbX J2`+B #2�m@
+QmT ¨ iQB 6`û/û`B[m2- TQm` H2b /Bb+mbbBQMb bm` H2b BMp�bBQMb 2i +2ii2 +QHH�#Q`�iBQM 7`m+im2mb2
bm` H2b KQmH2b /2b /Q+FbX GǶû[mBT2 "1J 2bi T�`iB+mHBĕ`2K2Mi +?�M+2mb2 /Ƕ�++m2BHHB` #B2MiƬi mM2
+?2`+?2mb2 +QKK2 iQBX J2`+B ¨ ú`B+- �p2+ [mB DǶ�B Tm /Bb+mi2` /2b KQ/ĕH2b Q+û�MQ;`�T?B[m2bX
J2`+B #B2M bȿ` ¨ iQmb H2b /Q+iQ`�Mib /2 H� bi�iBQM- �p2+ [mB QM M2 bǶ2MMmB2 T�bX J2`+B *�KBHH2
/2 KǶ�pQB` H�Bbbû b[m�ii2` +?2x iQB 2i /2 KǶ�pQB` +QMp2`iB �m KQ/2 /2 pB2 `Qb+QpBi2X .2 M�im`2
+�b�MBĕ`2- +2i �MBK�H M2 b2`�Bb T�b bQmp2Mi bQ`iB /2 b� i�MBĕ`2 b�Mb iQBX *2 bûDQm` ¨ _Qb+Qz
KǶ�m`� �mbbB T2`KBb THmbB2m`b 2b+�T�/2b 2M `�/2 /2 "`2bi- [mB b2 bQMi �pû`û2b i`ĕb 7`m+im2mb2b
2M i2`K2 /2 Tā+?2 �mt KQmH2b Ubm`iQmi [m2 H2b ;2Mb /2 H� pBHH2 M2 KǶQMi T�b T`Bb KQM T�MB2`VX

J2`+B >m;Q TQm` H2b /Bb+mbbBQMb /m bQB` 2i TQm` iQmDQm`b +?QTT2` K2b `û7û`2M+2b- KāK2 bB
2HH2b bQMi T�`7QBb 7�iB;�Mi2bX PM � 2m /2 H� +?�M+2 /2 TQmpQB` b2 bmBp`2 /2TmBb HǶ1La Dmb[mǶ¨
JQMiT2HHB2`X J2`+B �mt �mi`2b �M+B2Mb TQi2b- �mt ;`QmT2b /2 H� Ǵ}M2 û[mBT2Ǵ 2i Ǵ�THvbB2b 2i
TQHBiB[m2Ǵ- /Ƕ�pQB` MQi�KK2Mi bmTTQ`iû K2b T�`i�;2b /2 HB2Mb iQmDQm`b THmb /û#BH2b H2b mMb [m2
H2b �mi`2b- pBp2 H2b #`�+iû2b 2i H2b ;`Qb TQBbbQMbX

J2`+B �mt F�v�FBbi2b /2 JQMiT2HHB2`- TQm` KǶ�pQB` BMiû;`û /�Mb H2m` û[mBT2 2i KǶ�pQB`
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T2`KBb /2 `2T`2M/`2 K� T�bbBQM /Ƕ2M7�M+2X C2 MǶ�p�Bb D�K�Bb 2bTû`û TQmpQB` BMiû;`2` mM DQm` H�
K2BHH2m`2 û[mBT2 /2 6`�M+2 UpQB` /Ƕ1m`QT2 K�Bb BH 7�m/`� [m2 HǶQM T`Qmp2 Ï� HǶ�MMû2 T`Q+?�BM2VX
J2`+B TQm` HǶ�K#B�M+2- �mbbB #B2M bTQ`iBp2 [mǶ�KB+�H2- 2i H2b Kû/�BHH2bX

J2`+B ¨ K� 7�KBHH2 /2 7�B`2 H2 /ûTH�+2K2Mi /2TmBb H� LQ`K�M/B2 TQm` K� bQmi2M�M+2 2i /2
iQmDQm`b �pQB` TQmbbû K� +m`BQbBiûX

1M}M K2`+B ¨ H� T2`bQMM2 H� THmb BKTQ`i�Mi2 /�Mb K� pB2- �HBbQM- [mB � bmTTQ`iû H� /Bbi�M+2
T2M/�Mi iQmi2 +2ii2 i?ĕb2X J2`+B /Ƕāi`2 H¨ TQm` KQB 2i /�Mb K� pB2X

jy9






