
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



!

!

!

!"#$%&'%#()%$"*+(,"#)"- )-*,'.(*%//#%//))

,#)&0,*/)12$%/3)40**,50%6)

!

!"#$%&'&"()%&%*#%+"'*"(,)#',-"./-.'-0%*#"1."#$%")%2/')%0%*#&".1)"#$%"+%3)%%"1."

415#1)"1."6$'-1&1($7"'*"891-/#'1*,)7"851-137",#":,&&%7";*'9%)&'#7<"

:,*,=,#><"?%="@%,-,*+"

!

!

!"#$%&'()*+), '

'

-.-- '



! ""!

! '



! """!

/0*1,)21 '

#$%%&'&()!*+&,$&*!,-(!$(.&+&(.&()/0!&12/1&!*$3$/-'!+4&(2)0+$,! )'-$)*!$(! '&*+2(*&!)2!)4&!

*-3&! &(1$'2(3&()-/! ,4-//&(5&*6!74&! '&*8/)$(5! ,2(1&'5&(,&! 2%! )'-$)*! *429*! 429!

&(1$'2(3&()-/! ,$',83*)-(,&*! )4-)!-++/0!*&/&,)$1&!+'&**8'&!2(! )4&!5&(23&*!2%!.$%%&'&()!

/$(&-5&*!,-(!'&*8/)!$(!-(-/2528* !-.-+)-)$2(* 6!:!'&3-';-</&!&=-3+/&!2%!)4$*!&12/8)$2(-'0 !

+'2,&**! $*! )4&!*&,2(.-'0! /2**! 2%! %/$54)! $(! <$'.*! 94$,4! '&+&-)&./0!2,,8'*! $(! -1$-(!

.$1&'*$%$,-)$2(6!>/$54)/&**(&**!$( !<$'.! *+&,$&*!4-1&!<&&(!&(,28()&'&.!2(! 3-(0! 2,&-($,!

$*/-(. *!-(.!$*!$()&'+'&)&.!-*!-(!&%%&,)!2%!)4&!$(*8/-'!,2(.$)$2(!)4-)!2%)&(!+'21$.&*!-!4-<$)-)!

9$)4!%&9!2'!(2!+'&.-)2'* ?!'&.8,&. !,23+&)$)$2(!%2'!'&*28',&*?!-(. !)4&!2++2')8($)0!)2!%2'-5&!

9$)428)!%/0$(56!74&!'-$/*!2'!@-//$.-&!-'&!- (!&=,&+)$2(-/!-1$-(!%-3$/0!)2!*)8.0!)4&!&12/8)$2(!

2%!%/$54)/&**(&**!-*!-32(5!)4&!ABC!&=)-()!*+&,$&*?!BC!4-1&!$(.&+&(.&()/0!/2*)!)4&!-<$/$)0!

)2!%/06!!!

"(! )4$*! '&*&-',4?!5&(23$,! -(.!32'+42/25$,-/! .-)-! 9&'&!$()&5'-) &.!)2! ,23+-'&! )'-$)*!2%!

12/-() !-(.!%/$54)/&**!*+&,$&*!$(!-!+40/25&(&)$,!,2()&=)!-(.! )2!$(1&*)$5-)&!)4&!&12/8)$2(-'0 !

+'2,&**&*!$(12/1&.!$(!)4&!/2**!2%!%/$54)6!>$'*)?!3 2'+42/25$,-/!-(.!+40/25&(&)$,!.-)-!9&'&!

8*&.!)2!,23+-'&!*+&,$&*!9$)4!-(.!9$)428)!)4&!-<$/$)0!)2!%/0!$(!2'.&'!)2!.&)&'3$(&!94&)4&'!

3-D2'! +4&(2)0+$,! &%%&,)*! 2%! )4&! )'-(*$)$2(! %'23!12/-() ! )2! %/$54)/&**! -'&! *4-'&.! -32(5!

/$(&-5&*6!E&,2(.?!5&(23&!-**&3</$&*!9&'&!5&(&'-)&.!%2'!'&+'&*&()-)$1&*!2%!%28'!'-$/*F!)92!

12/-()! -(.! )92!%/$54)/&**!*+&,$&*6!74&(?! -!5&(23&G9$.&! ,23+-'$*2(!2%! ,2.$(5! '&5$2(*!

%'23!12/-()!-(.!%/$54)/&**!'-$/*!9-* !+&'%2'3&.!)2!.&)&,)!5&(&)$,!'&5$2(*!-**2,$-)&.!9$)4!

)4&!%/$54)/&**!)'-$)6!

74&! (&9/0! -**&3</&.! -(.! -((2)-)&.! 5&(23&*!*429&.! .$%%&'&(,&*! $(! 4&)&'2H052*$)0!

<&)9&&(!%/$54)/&**!-(.!12/-()!*+&,$&*!9$)4!/29&'!4&)&'2H052*$)0!$(!%/$54)/&**!*+&,$&*!)4-)!

+'2<-</0!'&%/&,)*!)4&$'!'&/-)$1&/0!*3-//!+2+8/-)$2(*6!"!%28(. !*)-)$*)$,-/!*8++2')!%2'!*$3$/-'!

32'+42/25$,-/!'&*+2(*&*!-32(5!8('&/-)&.!%/$54)/&**!/$(&-5&*?!,4-'-,)&'$*&.!<0!-!*4$%)!$(!

&(&'50!-//2,-)$2(!%'23!)4&!%2'&/$3<*!)2!)4&!4$(./$3<*6!>/$54)/&**!<$'.*!&=4$<$)&.!*3-//&'!

*)&'(-!-(.!9$(5*!)4-(! 12/-() !)-=-!$(!)4&!*-3&!%-3$/0!-/2(5!9$)4!9$.&'!+&/1&*!-(.!32'&!

'2<8*)!%&32'-6!I40/25&(&)$,!*$5(-/!)&*)*!*429&.!)4-)!)42*&!.$%%&'&(,&*!9&'&!$(.&+&(.&()!

2%!+40/25&(0!-(.!$(*)&-.!.&32(*)'-)&. !,2(1&'5&()!32'+42/25$,-/!-.-+)-)$2(!-**2,$-)&.!

9$)4!- !9-/;$(5!&,2/2506!J1$.&(,&!2%!.$%%&'&()!*&/&,)$1&!+'&**8'&*!<&)9&&(!*+&,$&*!9$)4!

-(.!9$)428)! )4&!-<$/$)0!)2!%/0!9-* !.&)&,)&.!$(!48(.'&.*!2%!5&(&*6!74$*!$(,/8.&. !'&/-=&.?!



! "K!

$()&(*$%$&.?! -(.! +2*$)$1&! *&/&,)$2(! $(! %/$54)/&**! *+&,$&*! -*! 9&//! -*! &12/8)$2(-'0! '-)&!

.$%%&'&(,&*!2%!5&(&*!$(!12/-()!-(.!%/$54)/&**!)-=-!-(.!+'2)&$(*!,- ''0$(5!%8(,)$2(G-/)&'$(5!

-3$(2! -,$.! ,4-(5&* ! $( ! )4&!%/$54)/&**!'-$/*6!L &(&*! -**2,$-)&.! 9$)4! %/$54)/&**(&**!9&'&!

&('$,4&.!$(!<$2/25$,-/!%8(,)$2(*!)4-)!-/$5(&.!9&//!9$)4!)4&!-<$/$)0!)2!%/0!*8,4!-*!38*,/&?!

<2(&?!/$3<?!-(.!4&-')!.&1&/2+3&()6!M29&1&'?!2)4&'!&('$,4&.!%8(,)$2(*!9&'&!(2)!.$'&,)/0!

/$(;&.!)2!%/0$(5!-(.!3-0!'&*8/)!%'23!)4&!&,2/25$,-/!,2(*&N8&(,&*!2%!%/$54)/&**(&**O!)4&*&!

$(,/8.&. !)4&!$338(&!*0*)&3?!'&(-/!%8(,)$2(*?!/$+$.!3&)-<2/$,!*0*)&3?!,25($)$2(?!-(.!)4&!

*&(*2'0!*0*)&36!>$(-//0?!3-(0!5&(&*!8(.&'!*&/&,)$1&!+'&**8'&*!$(!%/$54)/&**!*+&,$&*!9&'&!

$(12/1&.!$(!5&(&!'&58/-)$2(!-(.!+2*)G)'-(*/-)$2(-/!32.$%$,-)$2(6!74$*!*855&*)*!)4-)!5&(&)$,!

-.-+)-)$2( *!)2!%/$54)/&**(&**!-'&!(2)!2(/0!%28(.!$(!$3+2')-()!.&1&/2+3&()-/!5&(&*!<8)!-/*2!

$(!+-))&'(*! 2%!5&(&! &=+'&**$2(! -(.! +'2)&$(! 32.$%$,-)$2(*6!74$*! *)8.0! +'&*&()*! '&/$-</&!

3&)42.*!)2!5&(&'-)&!5&(23$,!.-)-!-(.!)2!8*&!$)!)2!-**&**!)4&!*&/&,)$1&!+'&**8'&*!$(12/1&.!

$(!-!,2(1&'5&()!+4&(2)0+&6!!

! '



! K!

/23&45#%67%8%&1*'

>$'*)?!"!928/.!/$;&!)2!)4-(;!30!*8+&'1$*2'*!942!5-1&!3&!)4&!*8++2')!"!(&&.&.!)2!,23+/&)&!

)4$*!+'2D&,)6!L$//$-(!9-*!-/9-0*!-1-$/-</&!)2!4&/+!-(.!58$.&!3&!.8'$(5!)4&*&!%28'!0&-'*?!

*4&!9-*!1&'0!+-)$&()!-(.!*429&.!3&!429!)2!8*&!)4&!<$2$(%2'3-)$,!)22/*6!E)&1&!<&/$&1&.!$(!

3&!*$(,&!)4&!$()&'(*4$+!"! .$.!$(!PCAQ!-(.! *4-'&.!9$)4!3&!4$*!+-**$2(!%2'!&12/8)$2(-'0!

&,2/2506!"!,28/.!(2)!4-1&!&=+&,)&.!<&))&'!3&()2'*4$+!%'23!)4&3!-(.!"!-3!5'-)&%8/!%2'!)4-)6!

R0!*$(,&'&!)4-(;*!)2!)4&!I42&($=!S-<!5'28+?!R-'0?!E$32(?!T$3?!R-)4$&8?!#-1$.?!R-'$?!

S&2?! U8)-?! :3-(.-?! R$,4&//&?! S&2?! E4252?! J3$/0?! >&/$=?! E83-( ! -(.! V4-'/2))&! W-(.!
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Y$2$(%2'3-)$,!3&&)$(5*!%2'!)4&$'!8*&%8/!$(+8)*6!
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^<D&,)$1&*!-(.!21&'1$&9]]]]]]]]]]]]]666 !

V2()'$<8)$2(*]]]]]]]]]]]]]]]]]]6 !

@&%&'&(,&*]]]]]]]]]]]]]]]]]]]6 !

A!

A!

P!

B!

_!

AP!
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L&(&)$,! +-)49-0! )2! %/$54)/&**(&**F! &1$.&(,&! 2%! ,2(1&'5&()!
&12/8)$2(!$(!'-$/*]]]]]]]]]]]]]]]]]]]] !

cB!

cB!



! K""!

"()'2.8,)$2( ]]]]]]]]]]]]]]]]]]666 !

R&)42.*]]]]]]]]]]]]]]]]]]]]6 !

@&*8/)*]]]]]]]]]]]]]]]]]]]]666 !

#$*,8**$2(]]]]]]]]]]]]]]]]]]]6 !
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!"#$%&'(.01&(
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! 02:1'&(>6!E$(5/&!-3$(2!-,$.!,2(1&'5&(,&]]]]]]]]]]]]]] 6!!AAc(

!"#$%&'(203(
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! -#CD&(=F!#&!(212!5&(23&!-**&3</0!3&)'$,*]]]]]]]]]]]]] 666!!Qa!

!"#$%&'(.-/' (
( -#CD&(;F!L &(&*!8(.&'!.$%%&'&()!)0+&*!2%!*&/&,)$1&!+'&**8'&*]]]]]]] ]!! _c(

!"#$%&'(.01&(
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! -#CD&(>6!Y$2/25$,-/!%8(,)$2(!&('$,4&.!$(!+'2)&$(*!9$)4!-/)&'&.!%8(,)$2(]] ]6! APC(

!"#$%&'(203(
( -#CD&(; F!Y$2/25$,-/!%8(,)$2(*!&('$,4&.!$(!%/$54)/&**!'-$/*]]]]]]]] 66!!AaC!
! -#CD&(<F!V-(.$.-)&!5&(&*]]]]]]]]]]]]]]]]]]]] 666!AaB!
' -#CD&(=F!L&(&*!-**2,$-)&.!%/$54)/&**(&**]]]]]]]]]]]]] ]666!Aà !
' !
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&,-.!/0.01/2,!2345/-6750. !53!1!8/39-48!63:;!3<!=439>0:80!-4!?3>027>1/!023>38;!5,/378,!

/01.34-48@! A70.5-34B,;C35,0.-.! 0D1>715-34@! 14:! 141>;.-.!3<! 0D3>75-341/;!C/320..0.E!F;!

%,G!5,0.-.!-.! :-D-:0:!-453!.-H!2,1C50/.!-42>7:-48!1!! "#"$%&'(#)$*+,-).*#@!<37/! /0.01/2,!

2,1C50/.!14:!1!! "#"$%&'/ .0-,00.*#!53!12,-0D0!14!-4508/15-D0!.5/7257/0!14:!53!0HC>1-4!5,0!

0D3>75-34!3<!1!.05!3<!C,0435;C-2!5/1-5.E!&,0!/01:0/!.,37>:!<-4:!-4!5,-.!5,0.-.!14!3CC3/574-5;!

53!74:0/.514:!5,0!?3/C,3>38-21>!14:!?3>027>1/!?02,14-.?.!-4 D3>D0:!-4!5,0!-4:0C04:045!

0D3>75-34!3<!1!23?6-415-34!3<!2,1/1250/. !-4!.C02-0.!</3?!:-<<0/045!0D3>75-341/;!>-40180.E!

I0>39@!J!6/-0<>;!:0.2/-60!0D3>75-341/;!23420C5.!14:!?05,3:.!/0>0D145!<3/!5,-.!.57:;@!/0C3/5!

5,0!27//045!=439>0:80!-4!5,0!<-0>:!3<!5,0!0D3>75-34!3<!1D-14!<>-8,5>0..40..@!14:!C/0.045!5,0!

36K025-D0.!3<!5,-.!.57:;!14:!1!.,3/5!3D0/D-09!3<!012,!2,1C50/!53!.7??1/-.0 !5,0!2345045!3<!

?;! 5,0.-.E!

!"#$%&'%#()%$"*+(,"#)

"34D0/8045!0D3>75-34!-.!5,0!-4:0C04:045!0D3>75-34!3<!5,0!.1?0!3/!.-?->1/!C,0435;C0. !-4!

C,;>380405-21>>;! -4:0C04:045!>-40180.!LM3.3.! +NOOP! 14:! ,1.! 6004! 1! 90>>Q/02384-.0:!

23420C5! .-420! 5,0! 0?0/80420! 3<! ?3:0/4! 0D3>75-341/;! 6-3>38;! L0E8E! G1/9-4! LORSTP@!

"3491; QF3//-. !LOTTTPPE!&,-.!C/320..!C/3:720.!.5/-=-48!0H1?C>0.!3<!C1/1>>0>!1:1C515-34!

5,15! C/3D-:0! 1! 8>-?C.0! 3<! 74:0/>;-48! 0D3>75-341/;!?02,14-.?. E! G-<<0/045! >-40180.! -4!

04D-/34?045. ! 9-5,! .-?->1/! .0>025-D0! C/0..7/0.! 214!0H,-6-5! 234D0/8045! C,0435;C0.! -4!

/0.C34.0!53!.-?->1/!0D3>75-341/;!2-/27?.51420.!L(3.046>7?!05!1>E!+NOU@!#13!05!1>E!+NOTPE!

&,0.0!234D0/8045!C,0435;C-2!.3>75-34.! 214!60!5,0!234.0A70420.! 3<! :-<<0/045!>0D0>.! 3<!

?3>027>1/!D1/-15-34.!.72,!1. !472>035-:0.@!1?-43!12-:.@!8040.@!C15,91;.@!14:!6-3>38-21>!

<7425-34.E!V-?->1/-5-0.!15!340!>0D0>! ?1;! 435! 60! >-4=0:! 9-5,! 35,0/! >0D0>.E! W3/! -4.51420@!

:-<<0/045! ?7515-34.! -4! 5,0! .1?0! 8040.! 214! ,1D0! :-<<0/045! C,0435;C-2!37523?0.!

L(3.046>7?!05!1>E!+NONP!3/!234D0/8045!6-3>38-21>!<7425-34.!?1;!435!60!5,0!/0.7>5!3<!5,0!

.1?0!74:0/>;-48!8040.!L(3:1!05!1>E!+NOX@!Y,148!05!1>E!+NOZPE![043?-2!14:!5/14.2/-C53?-2!

141>;.0.!3<!1:1C5-D0!234D0/8045!0D3>75-34!0416>0!7.!53!-:045-<;!8043?-2!/08-34.!-4D3>D0:!

-4!C,0435;C-2!5/1-5.!14:!<7/5,0/!2>1..-<;!5,0?!1223/:-48!53!5,0-/!<7425-34.@!C15,91;.@!14:!

-450/125-34!9-5,!35,0/!/08-34.!L#13!05!1>E!+NOTPE!

">1..-2!0H1?C>0.!3<!234D0/8045!1:1C5-D0!0D3>75-34!-42>7:0!5,0!21C12-5;!<3/!<>-8,5!-4!6-/:.@!

-4.025.!615.@!14:!C50/3:125;>.!L"13!14:!\-4!+N+N@!*1-.,!05!1>E!+N+OP@!02,3>3215-34!-4!615.!
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X!

14:!?1/-40!?1??1>.! LM-7!05!1>E!+NOUP@!5/14.-5-34!53!5,0!?1/-40!04D-/34?045!-4!?1??1>.!

L",-=-41!05!1>E!+NOZP@!14:!"U!C,353.;45,0.-.!-4!C>145.!L",/-.5-4!05!1>E!+NNTPE!

(081/:-48! 234D0/8045! 0D3>75-34@! 5,0! ?014-48! 3<! 5,0! 593! 50/?.@! 234D0/80420! 14:!

C1/1>>0>-.?@!,1D0!6004!:06150:!<3/!?14;!;01/.!L(3.046>7?!05!1>E!+NOU@!#13!05!1>E!+NOTPE!

&93!:-<<0/045!7.180.!,1D0!6004!7.0:!<3/!5,0.0!50/?.^!340!:-.5-487-.,-48!5,0?!61.0:!34!

C,;>380405-2! /0>150:40..! LC1/1>>0>-.?! 60-48! :0<-40:! 1.!14! -4:0C04:045>;! 0D3>D0:!

C,0435;C0!-4!2>3.0>;!/0>150:!51H1!14:!234D0/80420!1.!14!-4:0C04:045>;!0D3>D0:!C,0435;C0!

-4!:-.5145!51H1PL).63/4!OTNSP@!14:!5,0!35,0/!:-.5-487-.,-48!5,0? !61.0:!34!5,0!74:0/>;-48!

?3>027>1/!?02,14-.?!LC1/1>>0>-.?!60-48!:0<-40:!1.!.-?->1/-5-0.!/0.7>5-48!</3?!5,0!.1?0!

?3>027>1/!61.-.!14:!234D0/80420!60-48! :0<-40:!1.! .-?->1/-5-0.! /0.7>5-48!</3?! :-<<0/045!

?3>027>1/!61.-.PL_1=0!05!1>E!+NOOPE!J4!5,0!C/0.045!5,0.-.@!J!:0<-40!234D0/8045!0D3>75-34!1.!

14;! 0D3>75-341/;!C/320..!5,15!>01:.!53!C,0435;C-2! .-?->1/-5-0.! -4! :-<<0/045!0D3>75-341/;!

51H1! 14:! :3! 435! :-.5-487-.,! 6059004! 234D0/80420! 14:! C1/1>>0>-.?E!&0/?.! -42>7:-48!

C,0435;C-2!3/!?3>027>1/!234D0/80420!1/0!7.0:!<3/!?3/0!2>1/-5;E!!

-%*%.(,"#),#)."#$%&'%#()/0%#"(1/%2)

!"#$%"&'("#")*+,-''

'4D-/34?0451>!2,1480.!214!/0:720!3/!0>-?-4150!1!.37/20!3/!-4504.-5;!3<!.0>025-34!5,15!91.!

<3/?0/>;!-4D3>D0:!-4!5,0!?1-45041420!3<!1!C,0435;C-2!5/1-5!3/!1!.05!3<!1..32-150:!5/1-5.^!5,-.!

C,043?0434!-.!50/?0:!/0>1H0:!.0>025-34!LM1,5-!05!1>E!+NNT@!_0/5,0-?!05!1>E!+NOSPE!&,0!

/0>01.0!</3?!.0>025-D0!234.5/1-45!214!-?C125!14!3/814-.?`. !<-540..!-4!:-<<0/045!91;.^!-4!5,0!

?3.5! 0H5/0?0!2-/27?.51420.@!.0>025-34!?-8,5! 60! 23?C>050>;! /0?3D0:@!675! ?3/0! 3<504!

/0>1H0:! .0>025-34!937>:! ,1D0!1! :-/025-341>! -?C125!3/! .-?C>;! ,1D0!1!901=0/! .516->-a-48!

-?C125!34!<-540..!L.00!M1,5-!05!1>E!L+NNTP!<3/!1!/0D-09PE!!

">1..-2! 0H1?C>0.!-450/C/050:! 1.! /0.7>5-48! </3?!/0>1H0:! .0>025-34! -42>7:0! 5,0! >3..! 3<!

0;0.-8,5! -4! 14-?1>.! >-D-48!C0/?14045>;!-4!5,0! :1/=!L\0<<0/;! +NNS@! #-417H! 05! 1>E! +NOX@!

(b517H!14:!"1.140!+NOXP!14:!1>50/0:!145-C/0:153/!60,1D-37/!-4!5,0!16.0420!3<!C/0:153/.!

LFc>>0/!14:!J6de0aQf>1?3!+NO+@![0<</3;!05!1>E!+NOS@!':91/:.!05!1>E!+N+OPE!
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&,0! .37/20!3<! .0>025-34!214!60!0>-?-4150:!3/!901=040:!<3/!?3/0!5,14!340! .C02-0.!14:!

/0.7>5!-4!.-?->1/!1:1C5-D0!C,0435;C0. !-4!012,!3<!5,0?E!J4!5,-.!21.0@!5,0!?3>027>1/!61.-.!214!

60!-4D0.5-8150:!6;!-:045-<;-48!5,0!8043?-2!/08-34.!0H,-6-5-48!.-84.!3<!/0>1H0:!.0>025-34!-4!

.C02-0.!.,39-48! 5,0! 234D0/8045! C,0435;C0.E! J4! 5,0! C/0.045! /0.01/2,@! 5,0! 234D0/8045!

0D3>75-341/;!/0.C34.0!53!1D-14!<>-8,5>0..40..!91.!.57:-0:!6;!-:045-<;-48!5,0!8040.!74:0/!

/0>1H0:!.0>025-34!-4!<>-8,5>0..!.C02-0.E!

."$(/0+-1' ("#")*+,-''

!"#$#"%$&'()#*(+$#'"#$#"%$&'('&,'-.-&-.$#' (

$ ?-43!12-:.!1/0!.C02-<-0:!6;!?3/0!5,14!340!?(*$! 23:34@!14:!1.!1!234.0A70420@!435!1>>!

472>035-:0! .76.5-575-34.! /0.7>5! -4!1?-43! 12-:! /0C>120?045E! V;434;?37. ! 472>035-:0!

.76.5-575-34.! ,1D0! 43! 0<<025! 34! 5,0! 1?-43! 12-:! .0A70420! 3<! C/350-4.!9,0/01.!

434.;434;?37.! .76.5-575-34.!217.0!1?-43!12-:!2,1480.E!$.!4157/1>! .0>025-34!3C0/150.!

?1-4>;!15!5,0!C/350-4!>0D0>@!5,0!/0>15-D0!/150!3<!434.;434;?37. !L:! P!14:!.;434;?37. !L:" P!

.76.5-575-34. !214!60!7.0:!53!-4<0/!.0>025-D0!C/0..7/0.!Lg-?7/1!OThhPE!&,0!/15-3!ij: ! B:" !

214!60!7.0:!53!?01.7/0!5,0!61>1420!6059004!C3.-5-D0@!4075/1>@!14:!C7/-<;-48! .0>025-34E!

W7425-341>>;@!4075/1>!1?-43!12-:!2,1480. !9->>!60!<-H0:!15!5,0!.1?0!/150!L1.!0HC0250:!6;!

2,1420P!1.!.;434;?37.!.76.5-575-34. !/0.7>5-48!-4!1!ijOE!J4!5,0!21.0!3<!C7/-<;-48!.0>025-34@!

4157/1>!.0>025-D0!C/0..7/0.!234.5/1-4!.76.5-575-34.!/0.7>5-48!-4!1!/0>15-D0!/0:725-34!3<!1?-43!

12-:!2,1480.E!&,-.!;-0>:.!1!ikO!1.!5,0!47?60/!3<!434.;434;?37.!.76.5-575-34. !-.!>390/!

5,14! 5,0! 47?60/! 3<! .;434;?37.! .76.5-575-34.E! %3.-5-D0! .0>025-34! -.! -4<0//0:! 9,04! 14!

1?-43! 12-:! 2,1480!C/3D-:0.! 1! .0>025-D0! 1:D145180E! J4! 5,15! 21.0@! 434.;434;?37.!

.76.5-575-34. ! 1/0! <-H0:! 15! 1! ,-8,0/! /150! 5,14! 5,0! 612=8/374:! .;434;?37.! .76.5-575-34!

/0.7>5-48!-4!1!ilO!Lm148!14:!I-0>19.=-!+NNNPE!!

&,0!i !/15-3!214!60!23?6-40:!9-5,!C,;>380405-2!-4<3/?15-34!14:!21>27>150:!<3/!14;!23:34!

.-50̂!5,0!/0.7>5-48!6/142,Q.-50!?3:0>.!214!60!7.0:!53!:05025!/0>1H0:!.0>025-34!15!5,0!>-40180!

>0D0>!Lm148!+NNhPE!&3!.57:;!5,0!?3>027>1/!61.-.!3<!1!C,0435;C0!5,15!-.!60>-0D0:!53!60!5,0!

C/3:725! 3<! /0>1H0:! .0>025-34@! 340! 214! 23?C1/0!5,0!51H1!5,15! 0H,-6-5! 5,0! C,0435;C0! 3<!

-450/0.5!14:!5,3.0!5,15! :3!435E!(0>1H0:! .0>025-34! -.!2,1/1250/-a0:!6;!1! /0:725-34! -4!5,0!

0<<-2-042;!3<!-4504.-5;!3<!635,!C7/-<;-48!14:!C3.-5-D0!.0>025-34!LM1,5-!05!1>E!+NNT@!_0/5,0-?!

05! 1>E! +NOSPE! &,-.! C,043?0434! -.! 36.0/D0:! 9,04! 23:34! .-50.! 9-5,! .?1>>0/!i ! D1>70.!
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LC7/-<;-48!.0>025-34@!6>70!-4!W-8E!OP!-4!5,0!612=8/374:!>-40180.!L5,0!.C02-0.!5,15!:3!435!

0H,-6-5!5,0!5/1-5!3<!-450/0.5P!-42/01.0!5391/:!340!L4075/1>P!-4!5,0!<3/08/374:!>-40180.!L5,3.0!

0H,-6-5-48!5,0!5/1-5!3<!-450/0.5P!9,0/01.!5,0!i !D1>70.!8/0150/!5,14!340!-4!5,0!612=8/374:!

>-40180.!LC3.-5-D0! .0>025-34@!/0:! -4!W-8E!OP! :02/01.0! -4!5,0!<3/08/374:!>-40180.E!)4!5,0!

35,0/!,14:@!-<!5,0!.-50. !74:0/!C7/-<;-48!.0>025-34!,1D0!.?1>>0/!D1>70.!-4!5,0!<3/08/374:!

>-40180.! 14:! 5,0! .-50. ! 74:0/! C3.-5-D0! .0>025-34! ,1D0! 8/0150/! D1>70.! -4! 5,0! <3/08/374:!

>-40180.!5,0!.0>025-34!-.!234.-:0/0:!-4504.-<-0:!LW-8E!OPE!

!

Figure 1: Relaxed and intensified selections. Sites under positive selection are shown in red and 
sites under purifying selection are shown in blue. Intensified selection results in all ! categories 
being pushed away from neutrality (!=1) and relaxed selection resul ts in all ! categories being 
pushed toward neutrality. (Redrawn after Wertheim et al. 2015). 

/01)-.20(32$1&-.$#)4"(/)-0(

_,0 4! >-40180.! .,39! 1:1C5-D0! 234D0/8045! 0D3>75-34! 5391/:! 5,0! .1?0! C,0435;C0! -5! -.!

0HC0250:!5,15!.0>025-34!125.!/0C0150:>;!7C34!5,0!.1?0!8040.!-4!012,!>-40180@!>01:-48!53!5,0!

.-84157/0!3<!234D0/8045!0D3>75-341/;!/150!15!5,0.0!8040.!Lg391>2a;=!05!1>E!+NOTPE!&,7.@!

5,0!8040.!74:0/>;-48!5,0!C,0435;C-2!2,1480! .,39!1!234D0/8045! .,-<5!-4!5,0!47?60/!3<!

Background lineages

Foreground lineages
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472>035-:0!3/!1?-43!12-:!.76.5-575-34.!C0/!74-5!3<!5-?0!217.0:!6;!5,0!/0:720:!3/!-42/01.0:!

.0>025-D0!234.5/1-45. !125-48!34!5,0?E!I35,!1:1C515-34!14:!/0>1H15-34!1/0!C/0:-250:!53!/0.7>5!

-4!1!?3/0!/1C-:!/150!3<!.0A70420!0D3>75-34!L",-=-41!05!1>E!+NOZPE!&,0/0<3/0@!23?6-4-48!

8043?0!:151!9-5,!234D0/8045!C,0435;C0!-4<3/?15-34!214!60!7.0:!53!-:045-<;!51/805.!3<!

234D0/8045!.0>025-34!Lg391>2a;=!05!1>E!+NOTPE!

J4! C/125-20@! 1!>-.5! 3<! 8040! 5/00.! L3/! C/350-4! 5/00.! 3/! 5/00.! </3?! 434Q23:-48! /08-34.P!-.!

8040/150:!14:@!<3/!012,!5/00@!6/142,!>0485,.!L-E0E!5,0!47?60/!3<!.76.5-575-34.P!1/0!7.0:!1.!

1!C/3H;!<3/!5,0!/150!3<!?3>027>1/!0D3>75-34E!J<!1>>!5,0! .C02-0.! .,39-48!5,0!234D0/8045!

C,0435;C0!0H,-6-5!14!1220>0/150:!3/!:020>0/150:!0D3>75-341/;!/150!23?C1/0:!53!5,0!35,0/!

.C02-0.@! 5,0! 8040! -.! 234.-:0/0:! 1!833:! 214:-:150! 53! 60! -4D3>D0:! -4! 5,0! 234D0/8045!

C,0435;C0E!!

J4!5,0!C/0.045!/0.01/2,@!5,0!/0>15-D0!0D3>75-341/;!/150.!3<!D3>145!14:!<>-8,5>0..!6-/:!>-40180.!

90/0!23?C1/0:!-4!5,37.14:.!3<!C/350-4.!14:!-45/34.!53!-:045-<;!8043?-2!/08-34.!-4D3>D0:!

-4!1D-14!<>-8,5>0..40..E!

5&#6-.$#)1(.%7)6-($8(%&-)-.$#'((

_,04!3/814-.?.!1/0!/0>01.0:!</3?!.0>025-D0!234.5/1-45.@!-5!-.!0HC0250:!5,15!5,0!C7/-<;-48!

.0>025-34! 125-48! 34! 5,0! 74:0/>;-48! 8040.! 9->>! 60!>0..040:E! [040.! 1..32-150:! 9-5,! 5,15!

0D3>75-341/;!C/320..!?1;!5,0/0<3/0!1227?7>150!?3/0! 1?-43!12-:!/0C>120?045. !60217.0!

472>035-:0!?7515-34.! 9->>! 435! 60! <->50/0:! 5,/378,! .0>025-D0! C/0..7/0.E!&,0/0<3/0@!

-:045-<;-48!5,0!8040.!21//;-48!<7425-34Q1>50/-48!1?-43!12-:!/0C>120?045.!L?7515-34.P!?1;!

,0>C!51/805-48!5,0!8043?-2!/08-34.!-?C1250:!6;!5,15!.0>025-D0!.,-<5E!!

)40! 91;! 53! 1..0..! 5,0! -?C125! 3<! 1! C/350-4! D1/-145! -.! 53! 23?C1/0! -5! 9-5,! <7425-341>>;!

, 3?3>3837.!C/350-4.E!&,0!1..7?C5-34!-.!5,15!1!D1/-15-34!5,15!/0:720.!.-?->1/-5-0.!9-5,!5,0!

<7425-341>! ,3?3>3870! -.! ?3/0! >-=0>;! 53! 217.0! 1! :1?18-48! 0<<025!L",3-! 05! 1>E! +NO+PE!

&,0/0<3/0@!340!214!23>>025!1!.05!3<!,3?3>3837.!C/350-4.!/0>150:!53!1!C/350-4!3<!-450/0.5@!

1>-84!5,0?@!14:!1..0..!5,0!<7425-341>!-?C125!3<!012,!D1/-15-34!61.0:!34!5,0!1>-84?045E!

J4!5,0!C/0.045!/0.01/2,@!J!,;C35,0.-a0!5,15!5/14.-5-34!53!<>-8,5>0..40..!/0.7>5.!-4!/0:720:!

C7/-<;-48!.0>025-34!125-48!34!8040.!1..32-150:!9-5,!<>-8,5!9,-2,!1/0!5,0/0<3/0!?3/0!>-=0>;!
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53!23451-4!<7425-34Q1>50/-48!1?-43!12-:!2,1480.E!I;!1..0..-48!5,0!<7425-341>!-?C125!3<!

5,37.14:.!3<!C/350-4!D1/-145.!J!-:045-<-0:!8040.!5,15!.,39!0D-:0420!3<!/0:720:!C7/-<;-48!

.0>025-34!-4!<>-8,5>0..!.C02-0.E!

2,-3"01"-*'(/4(*+*/*+,-( '

"34D0/8045!C,0435;C0.!237>:!C>17.-6>;!60!1..32-150:!9-5,!1?-43!12-:!C3.-5-34.!5,15!1/0!

-4<0//0:!53!,1D0!2,1480:!-4!.C02-0.!0H,-6-5-48!5,0!C,0435;C0!3<!-450/0.5!LI0.41/:!05!1>E!

+NNT@!V1/-61.1=!05!1>E!+NO+@!(0;!05!1>E!+NORPE!&,7.@!>33=-48!<3/!8043?-2! /08-34.!5,15!

C/0.045! .-50.!9-5,!5,0! .1?0!D1/-15-34!L3/!D1/-15-34.! -4D3>D-48!1?-43!12-:.!9-5,! .-?->1/!

6-32,0?-21>! C/3C0/5-0.P! -4! .C02-0.!9-5,! 234D0/8045! C,0435;C0.!214! ,0>C! 53! -:045-<;!

/08-34.!3<!-450/0.5E!

J4!5,0!C/0.045!/0.01/2,@!5,37.14:.!3<!C/350-4!1>-84?045.!90/0!.2/0040:!53!<-4:!234D0/8045!

1?-43!12-:!.76.5-575-34.!5,15!937>:!-?C125!5,0!C/350-4!<7425-34!-4!<>-8,5>0..!.C02-0.E!

25$##"-1"('+-'6"$(/0+-1'("#")*+,-'

_-5,!5,0! /1C-:! :0D0>3C?045!3<!?3>027>1/!6-3>38;@!14:!5,0!>1742,!3<!?7>5-C>0!8043?0!

C/3K025.!.72,!1.!IONg!LI-/:!ON@NNN![043?0.!%/3K025@!,55C.nBB6ON=E8043?-2.E24BP@!'I%!

L5,0!'1/5,!I-3[043?0!%/3K025P!14:!-S=!LV0A7042-48!W-D0!&,37.14:!$/5,/3C3:![043?0.@!

,55CnBB-S=E8-5,76E-3BP@! .57:-0.! 34! 5,0! 80405-2! ?02,14-.?.! 3<! 234D0/8045! 0D3>75-34! ,1D0!

0HC14:0:!234.-:0/16>;!L",/-.5-4!05!1>E!+NON@!#13!05!1>E!+NOTPE!_-5,!5,15!0HC14.-34!1/3.0!

409!?05,3:3>38-21>!2,1>>0480.!53!:01>!9-5,!5,0!?3>027>1/!61.-.!3<!234D0/80420!15!1!>1/80!

.21>0!LV12=534!14:!">1/=!+NOTPE!W3/!-4.51420@!F04:0.!05!1>E!L+NOZP!C3-45!375!502,4-21>!6-1.!

1..32-150:! 9-5,! 8040! 5/00! :-.23/:1420E! V76.5-575-34! /150! 3<! :-.23/:145! 8040.! ?1;! 60!

?-. 141>;.0:!-<!234.-:0/0: !-4!5,0!23450H5!3<!1!.-48>0@!<-H0:!.C02-0.!5/00!14:!>01:!53!<1>.0!

C3.-5-D0.!-4!50/?.!3<!.0>025-D0!C/0..7/0E!

o04=15!05E!1>!L+NORP!.,390:!5,1 5!C,;>380405-2!50.5.!3<!1:1C5-D0!0D3>75-34!234.-:0/!5,15!

012,!472>035-:0!.76.5-575-34!3227/.!-4:0C04:045>;E!#390D0/@!.57:-0.!,-8,>-8,50:!5,0!<125!

5,15!5,0!G*$!/0C>-215-34!0//3/.!15!1:K12045!.-50.!,1CC04.!?3/0!3<504!5,14!5,0!612=8/374:!

/150E!&,-.!214!/0.7>5!-4!?7>5-472>035-:0!?7515-34.!LF*F.P!14:!>01:!53!<1>.0!.7CC3/5!<3/!

C3.-5-D0!.0>025-34!-4!20/51-4!8040.!LV2,/-:0/!05!1>E!+NOO@!V1/-61.1=!05!1>E!+NO+PE!
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"34D0/8045!0D3>75-34!?1;!3227/!5,/378,!C.07:3804-a15-34@!14!0D3>75-341/;!C,043?0434!

9,0/06;!1!8040!>3.0.!-5.!<7425-34@!1227?7>150.!?7515-34.@!14:!6023?0.!1!C.07:38040E!J4!

5,0!21.0!3<!234D0/8045!/0>1H0:!.0>025-34!-4!?7>5-C>0!.C02-0.@!1!<7425-341>!6-1.!3<!8040!>3..!

214!3<504!60!36.0/D0:!5,15!-.!217.0:!6;!5,0!p23Q0>-?-415-34`!3<!8040.E!&,-.!?014.!.3?0!

8040.!>3.0!5,0-/!<7425-34!60217.0!5,0;!1/0!<7425-341>>;!>-4=0:!-4!:-. 5-425!C15,91;.!53!1!

/0>1H0:!8040!L$>61>15!14:!"1e0.5/3!+NOZPE!&,-.!?1;!217.0!234<7.-34!9,04!51/805-48!5,0!

8040.!1..32-150:!9-5,!1!.C02-<-2!04D-/34?0451>!234.5/1-45E!

3*,'0()4#5)6*,'0(*%22#%22)

75"',0+1+-',8'$3+$-'8#+15*''

M-D-48! 4031D0.! -42>7:0! ?3/0! 5,14! ON@NNN! 0H5145! .C02-0.! 1/374:! 5,0! 93/>:! -4! ?14;!

:-<<0/045!,16-515.!LI/7.1550!05!1>E!+NOSPE!$4!1>?3.5!74-D0/.1>!<0157/0!3<!5,-.!:-D0/.-5;!-.!1!

/0>-1420!34!10/-1>!<>-8,5E!&,0!3/-8-4.!3<!1D-14!<>-8,5!1/0!.5->>!:06150:@!675!-5!-.!439!9-:0>;!

1220C50:!5,15!4031D0.!1/0!:0.204:0:!</3?!?14-/1C53/14!5,0/3C3:!:-43.17/.!14:!5,15!01/>;!

6-/:.!14:!5,0-/!2>3.0.5! /0>15-D0.!90/0! .?1>>@!9-480:@!<015,0/0:!14:!>-8,590-8,5!14-?1>.!

LI/7.1550!05!1>E!+NOSPE!F3/C,3>38;!1..32-150:!9-5,!<>-8,5!?3.5!C/3616>;!3/-8-4150:!-4!5,-.!

8/37C!Lq7! 05! 1>E! +NOUPE! &,0! 3>:0.5! <3..->.! 1..32-150:! 9-5,! 5,-.! >-40180! :150! </3?! 5,0!

F-::>0 QM150!\7/1..-2!L1/374:!OZS!r !OSN!?->>-34!;01/.!183P!L[3:0</3-5!05!1>E!+NOXPE!!

V57:-0.!234:7250:!34!?3/C,3>38-21>!0D3>75-34!61.0:!34!<3..->!0D-:0420!.,390:!5,15!6-/:.!

:0D0>3C0:!>150/1>>;!3/-0450:!>1/80!14:!/367.5!<3/0>-?6.!1>348!9-5,!1!>1/80!0H504.-34!3<!5,0!

.50/47?!L5,0!=00>P!14:!C390/<7>!C0253/1>!?7.2>0.!5,15!?1=0!<>1CC-48!<>-8,5!C3..-6>0!L(335.!

+NNZ@!q7!05!1>E!+NOUPE!&,0-/!63:-0.!1>.3!6021?0!.?1>>0/!14:!.5/01?>-40:!L&7/40/!05!1>E!

+NNhP!14:! 5,0-/! 6340.! 14:! ?7.2>0.! 2,1480:! 53! 3<<0/! C390/! <>-8,5! <3/! /0:720:! 90-8,5!

L(335.! +NNZPE! I-/:.! 90/0! 1>.3! .76K025! 53! 407/3>38-21>! 1:1C515-34! /0A7-/0:! <3/! <>-8,5!

-42>7:-48!14!04>1/80:!<3/06/1-4!LI1>143<<!05!1>E!+NOXPE!

W>-8,5!-.!14!040/805-21>>;!:0?14:-48!C/320..!9,-2,!1CC01/.!53!60!14!0HC>1415-34!<3/!5,0!

/0>15-D0>;!,-8,!?05163>-2!/150!-4!6-/:.!23?C1/0:!53!/0C5->0.!14:!?1??1>.!LF1-41!+NNZ@!

Fc>>0/! +NNTPE! W3/! -4.51420@! 1! 6-/:! 0HC04:.! 1/374:! hSs! ?3/0! 040/8;!C0/! :1;! 5,14! 1!

50//0.5/-1>!?1??1>!3<!.-?->1/!.-a0!LF1-41!+NNZPE!J4!3/:0/!53!?1-451-4!1!,-8,!?05163>-2!

/150!6-/:.!C3..0.. !,-8,>;! 0<<-2-045!74-:-/025-341>@!234.5145!D3>7?0!>748.!-4!9,-2,!3H;804!
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C1..0.!5,/378,!81.!0H2,1480!5-..70.!:7/-48!-4,1>15-34!14:!0H,1>15-34!>-4=0:!53!1!23?C>0H!

.;.50?!3<!1-/!.12.!LI/7.1550!05!1>E!+NOSPE!I-/:.!1>.3!,1D0!1!>1/80/!,01/5!5,14!?1??1>.!3<!

.-?->1/! .-a0!L[/766! OTRXP!53! .7CC3/5! 3H;804! :0?14:! :7/-48! C01=! 125-D-5-0.E!J5! 6/-48.!

3H;804! 53! 5,0! ?7.2>0.! 14:! ?1-451-4.! 1! 234.5145! 50?C0/157/0! 9,-2,! -.@! <3/! -4.51420@!

/0A7-/0:!<3/!,-8,!1>5-57:0!<>-8,5.!LV2355!14:!F->.3?!+NNZ@!V2355!+NOOPE!

9#+15*#"(('4+0&(''

&,0!:0?14:.!3<!<>-8,5!.-84-<-2145>;!-?C125!5,0!?3/C,3 >38-21>!14:!C,;.-3>38-21>!2,1/1250/.!

-4!6-/:. !L'>>-355!05!1>E!+NOXPE!J4:00:@!5,-.!16->-5;!,1.!1!.76.5145-1>!040/805-2!23.5!9,-2,!>01:.!

53!?14;!234.5/1-45.!-4!50/?.!3<!63:;!.-a0@!90-8,5@!/0C/3:725-34@!.,1C0!052!LF2*16!OTTU1PE!

V72,!234.5/1-45.!:0?14:! 023>38-21>!5/1:0Q3<<@!.3!-4!14!04D-/34?045!9,0/0!<>-8,5!:30.!435!

C/3D-:0!1!.-84-<-2145!6040<-5@!<>-8,5>0..40..!214!60!C3.-5-D0>;!.0>0250:E!!

&/14.-5-34.!53!<>-8,5>0..40..!1/0!234.-:0/0:!/1C-:!14:!-//0D0/.-6>0!LF2*16!OTTU1@!V>-=1.!

05! 1>E! +NN+@! g-/2,?14! +NNTP!14:! ,1D0! 3227//0:! -4:0C04:045>;! -4! ?3/0! 5,14! OS!1D-14!

<1?->-0.! Lg-/2,?14! +NO+PE! W3/! -4.51420@! 5,0! /15-50.! L3.5/-2,0.@! =-9-.@! 0?7.tP@! >348!

5,378,5!53!0D3>D0!</3?!1!.-48>0!<>-8,5>0..!1420.53/@!57/40:!375!53!60!1!C3>;C,;>05-2!8/37C!

2,1/1250/-a0:!6;!?7>5-C>0!-4:0C04:045!>3..!3<!<>-8,5!L#1/.,?14!05!1>E!+NNR@!%,->>-C.!05!1>E!

+NONPE!W>-8,5>0..40..!,1.!6004!36.0/D0:!-4!?14;!- .>14:.!.C02-0.!14:!5,-.!-.!-450/C/050:!1.!

14!0<<025!3<!5,0!,16-515!5,15!C/3?350.!5,0!91>=-48!023>38;!9-5,!>-55>0!3/!43!C/0:153/.@!1!

>-?-50:! .05!3<!1D1->16>0! /0.37/20.!14:!5,0!16->-5;!53!<3/180!9-5,375!<>-8,5!L)>.34!OThX@!

F2*16!OTTU6@!+NN+@!_/-8,5!05!1>E!+NOZPE!$.!1!234.0A70420@!6-/:.!1/0!/0>01.0:!</3?!5,0!

400:!<3/!<>-8,5!53!805!<33:!3/!53!0.21C0!C/0:153/.E!_/-8,5!05!1>E!L+NOZP!.,39 0: !5,15!-.>14:. !

9-5,!/0:720:!/1C53/!.C02-0.!/-2,40..!14:!43!?1??1>-14!C/0:153/.!,1D0!6-/:.!9-5,!.?1>>0/!

<>-8,5! ?7.2>0.@! 9,-2, ! -.! 234.-.5045! 9-5,!.0>025-34! <3/! <>-8,5>0..40..! 3227//-48! -4!5,-.!

04D-/34?045E!&,0!>3..!3<!<>-8,5!/0?3D0.!?14;!234.5/1-45.!-4!50/?.!3<!90-8,5!14:!63:;!

.-a0!>01:-48!53! .-84-<-2145!?3/C,3>38-21>!2,1480.!LM-D0a0;!+NNXPE!W3/! -4.51420@!?14;!

<>-8,5>0..!6-/:.!8/09!>1/80/!5,14!5,0-/!D3>145!/0>15-D0.E!&,0!?3.5!C/3?-4045!0H1?C>0.!1/0!

5,0! 3.5/-2,0.! 9,-2,! .514:! +ES! ?050/.! 14:! 5,0! /02045>;! 0H5-425! V375,! J.>14:! 8-145! ?31!

L/.#*$#.0'$*1,0),0P@!7C!53!+!?050/.!,-8,E!*0D0/5,0>0..@!<>-8,5>0..!.C02-0.!,1D0!1!8/015!.-a0!

/1480E!V3?0!3<!5,0?!1/0!.?1>>!23?C1/0:!53!5,0-/!<>;-48!/0>15-D0.!>-=0!5,0!O+ES!2?Q>348!

J41220..-6>0!J.>14:! /1->!L2)&%#).0.%'$*3"$0.P!L(335.!+NNZP!14:!5,0!5-4;! p?3:0.5`! /1->!3<!

",15,1?!J.>14:!L&/09-2=!OTThPE!
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F3>027>1/!C/320..0.!1..32-150:!9-5,!5,0!16->-5;!53!<>;!,1D0!6004!.57:-0:!-4!1!47?60/!3<!

1D-14!>-40180.E!W3/!-4.51420@!F12,1:3!05!1>E!L+NOZP!-4D0.5-8150:!5,0!1..32-15-34!6059004!

6340Q/0>150:!8040.!14:!5,0!3/-8-4!3<!<>-8,5!7.-48!G*$!.0A70420.!</3?!6-/:.@!?1??1>.!

14:!/0C5->0.E!&,0; !<374:!5,15!?3.5!3<!5,0!C3.-5-D0>;!.0>0250:!8040.!-4!6-/:.!1/0!>-4=0:!9-5,!

<7425-341>!C15,91;.!/0>0D145!53!C390/!<>-8,5!>-=0!6340.@!?7.2>0.@!14:!,01/5!:0D0>3C?045E!

&93!8040.!1..32-150:!9-5,!6340!?-40/1>!:04.-5;!14:!6340!/0?3:0>>-48!90/0!<374:!53!C>1;!

14! -?C3/5145! /3>0! -4! <>-8,5n!245! ! L$>C,1Q+Q#VQ8>;23C/350-4P! 14:! 6789: ! L%+q!

C7/-4320C53/!hPE!I7/81!05E!1>!L+NOhP!-4D0.5-8150:!5,0!80405-2!C15,91;!53!<>-8,5>0..40..!-4!

5,0! [1>1C183.! 23/?3/145! L6;%&%-$*-*$%<! ;%$$.0.PE! &,0;! 1..0..0:! 5,0! ?3>027>1/!

234.0A70420.!3<!80405-2!:-<<0/0420.!6059004!D3>145!14:!<>-8,5>0..!.C02-0.!14:!:050250:!

:0>050/-37.!.76.5-575-34!-4!8040.!5,15#1<<025!>-?6!:0D0>3C?045!-4!,7?14.!9,04!?75150:E!

&,0;!:050/?-40:!5,15!1!<7425-34Q1>50/-48!D1/-145!-4!=>9? !L"75QM-=0!#3?0363H!OP!91. !1!

.5/348!214:-:150!53!2345/-6750!53!>3..!3<!<>-8,5!-4!23/?3/145!1.!1!?7515-34!-4!5,-.!8040!

/0.7>5.!-4!.0D0/0!9-48!5/74215-34!-4!2,-2=04E!!

W1/>-0!05E!1>!L+NOhP!C0/<3/?0:!5/14.2/-C53?0!141>;.-.!3<!0?7!L/$*@%.,0'0AABP!>-?6!67:.!

53!-4D0.5-8150!5,0!80405-2!?02,14-.?.! /087>15-48!5,0! :0D0>3C?045!3<!5,0!D0.5-8-1>!0?7!

9-48E!&,0!53CQ/14=0:!8040!-:045-<-0:!5,/378,!5,-.!141>;.-.!91.! 5,0!21/:-12!5/14.2/-C5-34!

<1253/!CD97BE!L*g+!#3?0363H!SPE!

J4!.501?0/!:72=.!LF%-;G"$"0'0AABP@!8043?0Q9 -:0!1..32-15-34!141>;.-.!6059004!<>;-48!14:!

<>-8,5>0..!6-/:.!.,390:!5,15!5,0!8040!/H8D?2 !LG71>!VC02-<-2-5;!&;/3.-40!%,3.C,3/;>15-34!

(087>150:!g-41.0!O$P!9,-2,!-.! -4D3>D0:!-4!8/395,!14:!6340!?3/C,38040.-.!-.!1..32-150:!

9-5,!<>-8,5>0..40..!L"1?C1841!05!1>E!+NOTPE!V50/47?!?3/C,3>38;!-.!,-8,>;!23//0>150:!9-5,!

<>-8,5!14:!I-2=>0;!14:!M3814!L+NOUP!:0?34.5/150:!5,15!5,0!?3:7>15-34!3<!FI9E !L&QI3H!

&/14.2/-C5-34!W1253/!SP!0HC/0..-34!-.!-4D3>D0:!-4!1!:02/01.0!3<!5,0!.50/47?!14:!9-48!.-a0!

-4!5,0!0?7E!F3/03D0/@!5,0;!.,390:!5,15!1!:394.5/01?!51/805!3<!FI9E @!5,0!8040!J!J?K !

LW-6/36>1.5![/395,!W1253/!ONP@!9,04!?75150:!<3/?.!1!?37.0!9-5,375!<3/0>-?6.E!FI9E !-.!

,390D0/!<7>>;!<7425-341>!-4!5,0!9-48>0..!?31!L#7;404!05!1>E!+NOUPE!V12=534!05!1>E!L+NOTP!

.,390:!5,15!5,0!234D0/8045!0D3>75-34!3<!/087>153/;!/08-34.!C>1;.!14!-?C3/5145!/3>0!-4!5,0!

?7>5-C>0!-4:0C04:045!>3..!3<!<>-8,5!-4!/15-50. !L3.5/-2,0.@!=-9-.@!5-41?37.!14:!0?7.PE!&,0;!
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1>.3!-:045-<-0:!5,37.14:.!3<!234.0/D0:!434Q23:-48!/08-34.!5,15!237>:!60!1..32-150:!9-5,!

8040!0HC/0..-34!-4!5,0!:0D0>3C-48!<3/0>-?6E!

&,0!0D3>75-34!3<!<>-8,5>0..40..!-4!6-/:.!-.!,-8,>;!1..32-150:!9-5,!040/8;!.1D-48!LF2*16!

OTTU1PE!$.!?-532,34:/-1!C/3D-:0!5,0!?1K3/!C1/5!3<!5,0!040/8;!3<!5,0!20>>.@!5,0;!>-=0>;!C>1;!

14! -?C3/5145! /3>0! -4!6-/:!>323?35-D0!16->-5;E!V,04!05E!1>!L+NNTP!7.0:!hZ!?-532,34:/-1>!

8043?0.!53!23?C1/0!901=>;!<>;-48!14:!<>-8,5>0..!6-/:.!53!/1C-:>;!<>;-48!6-/:.E!&,0;!<374:!

5,15!u<>-8,5!:08040/150: v!6-/:.!1227?7>150: !?3/0!434.;434;?37.!.76.5-575-34.!/0.7>5-48!

-4!1!8/0150/!: ! B: " #/15-3E!F-532,34:/-1>!G*$!3<!901=>;!>323?35-D0!.C02-0.!0HC0/-0420.!

C33/! C7/-<;-48! .0>025-34! 53! ?1-451-4! 0<<-2-045! 040/8;! ?05163>-.?! 23?C1/0:! 53!

?-532,34:/-1>!G*$!3<!.5/348>;!>323?35-D0!.C02-0.E!&,-.!C,043?0434!-.!0HC>1-40:!6;!5,0!

<125!5,15!901=>;!>323?35-D0!-4:-D-:71>.!1/0!?3/0!>-=0>;!53!.7/D-D0!1!:0>050/-37.!?7515-34!

5,14!.5/348>;!>323?35-D0!-4:-D-:71>.E!!

!$+#(':;3"(<'!$##+&$"='

&,0!/1->.!3/!(1>>-:10!1/0!1!<1?->;!3<!6-/:.!5,15!-42>7:0.!1/374:!OXN!.C02-0.!1?348!9,-2,!

3D0/! XN! 1/0! L3/! 90/0! <3/! 0H5-425! .C02-0.P! <>-8,5>0..! LV501:?14! OTTS@! &/09-2=! OTTh@!

g-/2,?14!+NO+@![1/2-1r (!05!1>E!+NOUPE!&,0;! ,1D0!6004! :0.2/-60:!1.!1!C,0435;C-21>>;!

:-D0/.0!<1?->;!3<!C/-?1/->;!50//0.5/-1>!6-/:.!9-5,!6->150/1>>;!23?C/0..0:!63:-0.@!/0>15-D0>;!

.,3/5!51->.@!.,3/5@!/374:0:!9-48.!14:!.5/348@!D1/-16>;!0>348150:!6->>.!L(-C>0;!05!1>E!OThh@!

&1;>3/!OTTR@!M-D0a0;!+NNXPE!F3.5!/1->.!1/0!=4394!<3/!5,0-/!.501>5,;!?3D0?045!5,/378,!

:04.0!D080515-34!14:!/0>7251420!53!51=0!<>-8,5!9,0/01.!1!<09!.C02-0.!L0.C02-1>>;!J,&.-%P!

<3/180!7491/->;!34!3C04!9150/!LM-D0a0;!+NNXPE!&,0!3/-8-4!3<!/1->.@!61.0:!34!141>;.-.!3<!

?-532,34:/-1>!8043?0!:151@!830.!612=!UN!?->>-34!;01/.!:7/-48!5,0!'32040!L[1/2w1r (!05!

1>E!+NOUPE!G0.C-50!5,0!50//0.5/-1>!>-<0.5;>0!3<!?3.5!/1->.@!9-5,!<>-8,5!?3.5>;!1..32-150:!9-5,!

C/0:153/! 1D3-:1420! L&/09-2=! +NOOP@! 5,0;!.,39! 1! 9-:0! :-.5/-675-34! 1/374:! 5,0! 93/>:E!

W3..->!/023/:.!.,390:!5,15!,7?14!23>34-.15-34.!217.0:!1!>1/80!47?60/!3<!%>0-.532040!14:!

#3>32040!0H5-425-34!9-5,-4!5,-.!8/37C!LV501:?14!+NNZPE!&,0!?1K3/-5;!3<!5,0!<>-8,5>0..!

6-/:.!9-5,-4!5,-.! <1?->;!1/0!04:0?-2!53!.-48>0!-.>14:.!LM-D0a0;!+NNXPE!&,-.!?014.!5,15@!-4!

?3.5!21.0.@!5,0-/!1420.53/.!,1:!53!60!D3>145!53!/012,!5,0.0!,16-515. !1.!?3.5!3<!5,0!-.>14:.!

90/0!40D0/!23440250:!53!2345-40451>!>14:.!Lg-/2,?14!+NNTPE!!
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[1/2-1!05!1>E!L+NOUP!.,390:@!61.0:!34!C,;>380405-2!141>;.-.!3<!S!8040.!L")J@!2;5Q6@!OZV@!

W[I@!($[ QOP@!5,15! /1->.!1/0! .0C1/150:! -453!0-8,5!2>1:0.n!J,&.-%@!2$%@.+"0@!6*$A;G$.*@!

8%&&.#%@!6*$L%#%@!M%)"$%&&,0@!!%&&.-$"<! 14:! 8%&&,0E!F3.5! 3<!5,0.0!>-40180.!-42>7:0!

5/14.-5-34. !53! <>-8,5>0..40..@! 0.C02-1>>;!8%&&,0! -4! 9,-2,! 1! 8/015! 47?60/! 3<!.C02-0.!1/0!

<>-8,5>0..E!!

789%.(,$%2)4#5)"$%&$,%:))

&,0!?1-4!36K025-D0!3<!5,-.!/0.01/2,!-.!53!-42/01.0!5,0!3D0/1>>!=439>0:80!3<!5,0!?3>027>1/!

61.-.!60,-4: !5,0!0D3>75-34!3<!3/814-.?.E!&3!:3!.3@!5,-.!.57:;!<327.0.!34!-4D0.5-815-48!5,0!

0D3>75-341/;!C/320..0.!-4D3>D0:!-4!5,0!>3..!3<!<>-8,5!-4!/1->.E!&,-.!<1?->;!-42>7:0.!,74:/0:.!

3<!6-/:!.C02-0.@!14:!1?348!5,0?@!.0D0/1>!-4:0C04:045>;!>3.5!5,0!16->-5;!53!<>;!9,-2,!?1=0.!

5,0! /1->.! 1! 833:! ?3:0>! 53! .57:;! 1D-14! <>-8,5>0..40..E! &,0! 234D0/8045! 0D3>75-34! 3<!

<>-8,5>0..40..!C/3D-:0.!74-A70!3CC3/574-5-0.!<3/!.57:;-48!,39!.C02-0.!1/0!1<<0250:!6;!5,15!

5/14.-5-34! 14:! ,39! 8043?0.! 0423:0! 5,15! C,0435;C0E! J! 9145! 53! 7.0! 8043?-2! 14:!

?3/C,3>38-21>!:151!53!23?C1/0!<>-8,5>0..!14:!D3>145!.C02-0.!-4!1!C,;>380405-2!23450H5!14:!

:05025!:-<<0/0420. !-4!5,0!0D3>75-341/;!C/320..0.!125-48!34!5,0?E!&,0!?1-4!,;C35,0.-. !-.!

5,15! 5,0! 234D0/8045! C,0435;C-2! 0D3>75-34! 3<! <>-8,5>0..40..! -4! /1->.! /0.7>5.! </3?! 5,0!

?3>027>1/!0D3>75-34!3<!5,0! .1?0!8040.E!$>5,378,@!5,0! ,;C35,0.-.!3<!1!>-40180! .C02-<-2!

?3>027>1/!0D3>75-34!-.!1>.3!-4D0.5-8150:E!!

&3!.57:;!5,0!?3>027>1/!61.-.!3<!<>-8,5>0..40..!J!?3.5>;!<327.!34!.-48>0!23C;!C/350-4!23:-48!

8040.!L.00!",1C50/.!X!53!ZPE!J5!-.!5,0/0<3/0!435!1!23?C/0,04.-D0!141>;.-.!1.!5,0!23:-48!

/08-34.!/0C/0.045!34>;!1!.?1>>!</125-34!3<!5,0!8043?0!14:!1!8/39-48!47?60/!3<!.57:-0.!

1/0!.,39-48!5,0!/3>0!3<!434Q23:-48!/08-34.!-4!C,0435;C-2!5/1-5.!Lo1D37/-!05!1>E!+NNh@!I7/81!

05!1>E!+NOh@!V12=534!05!1>E!+NOTPE!V57:;-48!5,0!23:-48!/08-34.!-.!,390D0/!1!833:!<-/.5!.50C!

53!7423D0/!5,0!8043?-2! /08-34.! -4D3>D0:! -4!<>-8,5>0..40..!1.!5,0.0! /08-34.!1/0! .5/1-8,5!

<3/91/:! 53! /05/-0D0! </3?! 1..0?6>0:! 8043?0.! 14:! /367.5! ?05,3:.!53! 50.5! 5,0! .0>025-34!

125-48!34!5,0?!1/0!1D1->16>0!Lm148!+NNh@!_0/5,0-?!05!1>E!+NOS@!g391>2a;=!05!1>E!+NOTPE!

%/0>-?-41/;!/0.7>5.!16375!234D0/8045!0D3>75-34!3<!434Q23:-48!/08-34.!14:!C35045-1>!<757/0!

/0.01/2,!1D0470.!1/0!C/0.0450:!-4!5,0![040/1>!G-.27..-34E!
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J4! .,3/5@!5,-.! .57:;! ,1.! 5,/00! ?1-4! 831>.n! LOP!:050/?-40!5,0!C,0435;C-2! 0<<025.! 3<! 5,0!

5/14.-5-34!</3?!D3>145!53!<>-8,5>0..@!L+P!8040/150!.7<<-2-045!8043?-2!:151!53!-4D0.5-8150!5,0!

?3 >027>1/!61.-.!3<!<>-8,5>0..40..!-4!/1->.!14:!LXP!-:045-<;!5,0!8043?-2!/08-34.!-4D3>D0:!-4!

5,0!>3..!3<!<>-8,5!14:!5,0!.0>025-D0!C/0..7/0!125-48!34!5,0.0!/08-34.E!

&,-.!.57:;! 91. !:0.-840: !1.!1!5,0.-.!6;!C76>-215-34E!&,-.!?014.!5,0!<37/!/0.01/2,!2,1C50/.!

L",1C50/.! +! 53! SP! 90/0! 9/-5504! -4! 5,0! <3/?! 3<! ?147.2/-C5.! 5,15! ,1D0! 6004! C76>-.,0:!

L",1C50/!+P@!.76?-550:!L",1C50/!XP!3/!C/0C1/0:!<3/! .76?-..-34! -4!C00/Q/0D-09!K37/41>.!

L",1C50/. ! U! 14:! SPE! &,0/0<3/0@! .3?0! /0C05-5-34. ! ?-8,5! 60! <374:@! 0.C02-1>>;! -4!5,0!

J45/3:725-34!14:!F05,3:.!.025-34.!1.!.3?0!0D3>75-341/;!23420C5.!14:!C/35323>.!,1:!53!60!

:0.2/-60: !?7>5-C>0!5-?0.!<3/!012,!1/5-2>0!53!?1=0!.04.0!34!-5.!394E!&,0!<3>>39-48!-.!1!.,3/5!

3D0/D-09!3<!012,!2,1C50/!53!.7??1/-.0!5,0!2345045!3<!5,-.!5,0.-.E!

",1C50/!+@!=*#N"$3"#)'@*$A;*&*3.-%&'$"0A*#0"0')*'&*00'*O'O&.3;)'.#'$%.&0'P2N"0Q'8%&&.+%"R'

-4D0.5-8150.!5,0!?3/C,3>38-21>!234.0A70420.!3<!<>-8,5>0..40..!-4!5,0!/1->!<1?->;!9,0/0!5,15!

234:-5-34! ,1.! 0D3>D0:! /0C0150:>;E! F3/C,3>38-21>! 14:! C,;>380405-2! :151!1/0! 7.0:! 53!

23?C1/0!.C02-0.!9-5,!14:!9-5,375!5,0!16->-5;!53!<>;!53!:050/?-40!?1K3/!C,0435;C-2!0<<025.!

3<! 5,0! 5/14.-5-34! </3?!D3>145! 53! <>-8,5>0..E!J! <-4:! .515-.5-21>! .7CC3/5! <3/! .-?->1/!

?3/C,3>38-21>!/0.C34.0.!1?348!74/0>150:!<>-8,5>0..!>-40180.@!2,1/1250/-.0:!6;!1!.,-<5!-4!

040/8;!1>>3215-34!</3?!5,0!<3/0>-?6.!53!5,0! ,-4:>-?6.E!W>-8,5>0..!6-/:.!0H,-6-5! .?1>>0/!

.50/41!14:!9-48.!5,14!D3>145!51H1!-4!5,0!.1?0!<1?->;!1>348!9-5,!9-:0/!C0>D0.!14:!?3/0!

/367.5!<0?3/1E!%,;>380405-2!.-841>!50.5.!.,39 !5,15!5,3.0!:-<<0/0420.!1/0!-4:0C04:045!3<!

C,;>3804;!14:!-4.501:!:0?34.5/150!234D0/8045!?3/C,3>38-21>!1:1C515-34!1..32-150:!9-5,!

1!91>=-48!023>38;E!J!1>.3!<-4:!5,15!?3/C,3>38-21>!D1/-15-34!91.!8/0150/!1?348!<>-8,5>0..!

/1->.! 5,14!D3>145!340.@! .7880.5-48!5,15! /0>1H15-34!3<!C,;.-3>38-21>! :0?14:.! :7/-48!5,0!

5/14.-5-34!53!<>-8,5>0..40..!</00.!?3/C,3>38-21>!5/1-5.!53!0D3>D0!-4!/0.C34.0!53!?3/0!D1/-0:!

023>38-21>!3CC3/574-5-0.E!

",1C50/! X@! /" S#*N*' 3"#*@"' %00"@1&G' *O' O*,$' $%.&0' P2N"0Q' 8%&&.+%"RQ' %' $"0*,$-"' O*$'

-*@A%$%).N"'3"#*@.-0!/0C3/5. !5,0!C/35323>!7.0:!53!.0A70420@!1..0?6>0@!14:!14435150!<37/!

409!/1->!8043?0.n!593!415-D0!D3>145!.C02-0.@!Cx=0=3!6*$A;G$.*'@"&%#*),0!14:!?-390=1!

!%&&.$%&&,0'A;.&.AA"#0.0T!14:!593!04:0?-2!<>-8,5>0..!.C02-0.!51=1,y!6*$A;G$.*';*-;0)"))"$.!

14:!90=1!!%&&.$%&&,0'%,0)$%&.0E!&,0!A71>-5;!2,02=.!14:!23?C1/-.34!9-5,!0H-.5-48!/1>>-:!

8043?0.!.,39!5,15!5,0!409!1..0?6>-0.!1/0!3<!,-8,!A71>-5;!14:!5,15!5,0!1443515-34.!214!60!
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5/7.50:E!].-48!5,0!.0A70420!/01:!:151@!,050/3a;83.-5;!-.!<374:!53!60!>390.5!-4!5,0!04:0?-2!

<>-8,5>0..!.C02-0.!14:!5,-.!C/3616>;!/0<>025.!5,0-/!/0>15-D0>;!.?1>>!C3C7>15-34.E!&,0.0!409!

1..0?6>-0.!:376>0!5,0!47?60/!3<!1D1->16>0!/1>>-:!8043?0.!14:!1/0!7.0:!-4!5,0!<3>>39-48!

2,1C50/.!53!,-8,>-8,5!5,0!=0;!8043?-2!/08-34.!-4D3>D0:!-4!/1->. !<>-8,5>0..40..E!

J4!",1C50/!U@!!"#").-'A%);U%G')*'O&.3;)&"00#"00Q'"N.+"#-"'*O'-*#N"$3"#)'"N*&,).*#'.#'$%.&0'

P2N"0Q' 8%&&.+%"RT' J!7.0! 6/142,Q.-50! ?3:0>. ! 53! -4D0.5-8150! 5,0! 234D0/8045! 0D3>75-34! 3<!

<>-8,5>0..40..! -4! /1->.E! &3! :3! .3@! 5,0! 23:-48! /08-34.! </3?! .0D04! /1->.n! 5,/00! D3>145@!

6*$A;G$.*'@"&%#*),0T' !%&&.$%&&,0' A;.&.AA"#0.0' 14:' J,&.-%' %)$%' 14:! <37/! <>-8,5>0..!

6*$A;G$.*' ;*-;0)"))"$.T' !%&&.$%&&,0'%,0)$%&.0T'2)&%#).0.%'$*3"$0.T'14:' V%A*$#.%'%)$%' 1/0!

23?C1/0:! 53! -:045-<;! 8040.! 74:0/! :-<<0/045! .0>025-D0! C/0..7/0! 1..32-150:! 9-5,!

<>-8,5>0..40..E!)D0/! OO@NNN! 8040! 1>-84?045.! <3/! 5,0.0! .0D04! .C02-0.!1/0!7.0:! 53! -4<0/!

/0>1H0:@!-4504.-<-0:@!14:!C3.-5-D0!.0>025-34!-4!<>-8,5>0..!.C02-0.E!'D-:0420!3<!.0>025-34!-.!

:050250:! -4! ,74:/0:.! 3<! 8040.@! 14:!J!36.0/D0! 5,15! 8040.! 74:0/! /0>1H0:! .0>025-34!1/0!

04/-2,0:!-4![) !L[040!)453>38;P!<7425-341>!215083/-0.!5,15!1/0!0-5,0/!:-/025>;!1..32-150:!

9-5,! <>-8,5!L?7.2>0! :0D0>3C?045! 14:! /087>15-34! 3<! 2-/27>153/;! .;.50?P! 3/!9-5,! 5,0!

023>38-21>!2,1480.!234.0A7045!53!5,0!>3..!3<!<>-8,5!L-??740!/0.C34.0@!?0?3/;PE!

",1C50/!S@!=*#N"$3"#)'%--"&"$%)"+'$%)"'*O'@*&"-,&%$'"N*&,).*#'%#+'O,#-).*#%&'.@A%-)'*O'
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V>-=1.@! IE@! )>.34@! VE! ME! 14:! W>0-.2,0/@! (E! "E! +NN+E! (1C-:@! -4:0C04:045! 0D3>75-34! 3<!
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&/09-2=E! +NOOE! o-21/.! {! o18/145.n! $..0?6>;! 3<! 5,0! *09! Y01>14:! 1D-<1741E!r !

$7.5/1>1.-14!V2-0420!X+n!+UQ+hE!

&7/40/@!$E!#E@!%3>@!GE@!">1/=0@!\E!$E@!'/-2=.34@![E!FE!14:!*3/0>>@!FE!$E!+NNhE!$!I1.1>!

G/3?103.17/-:!14:!V-a0!'D3>75-34!%/020:-48!$D-14!W>-8,5E!r !V2-0420!XOhn!OXhRr

OXROE!

o1D37/-@!&E@!_1>50/@!gE@![->=.@!_E!(E@!M0,40/@!IE!14:!'>81/@![E!+NNhE!%1/1>>0>!0D3>75-34!

3<! 234.0/D0:! 434Q23:-48! 0>0?045.! 5,15! 51/805! 1! 23??34! .05! 3<! :0D0>3C?0451>!

/087>153/;!8040.!</3?!93/?.!53!,7?14.E!r ![043?0!I-3>!Rn!(OSE!
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'$*$,2$.!(0!-0!$06(4)0/$02!;#$4$!1*(+#2!.)$'!0)2!%4)6(.$!-!'(+0(1(,-02!=$0$1(27!"#('!,-0!

*$-.!2)!,)0'$46-2()0!(''5$'!(1!2#$!#-=(2-2!,#-0+$'!';(12*&!-0.!2#$!1*(+#2!('!4$<5(4$.!-+-(07!

E)4!$3-/%*$:!(1!%4$.-2)4'!-4$!(024).5,$.:!1*(+#2*$''!=(4.'!,)5*.!=$!50-=*$!2)!-6)(.!2#$/7!

"4-0'(2()0'!2)!1*(+#2*$''0$''!-4$!,)0'(.$4$.!4-%(.!-0.!(44$6$4'(=*$!RB,a-=!?^^\:!Q*(G-'!

$2!-*7!LAAL:!b(4,#/-0!LAA^S!-0.!#-6$!),,544$.!(0.$%$0.$02*&!(0!/)4$!2#-0!LA!-6(-0!
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!

LW!

1-/(*($'! R>)11!?^^\S7!I!0)2-=*$!$3-/%*$! ('!2#$!4-2(2$'!R(0,*5.(0+!)'24(,#$':!G(;(!-0. !

$/ 5' S:! -! %)*&%#&*$2(,! +4)5%! ,#-4-,2$4(`$.! =&! /5*2(%*$! (0.$%$0.$02! *)''! )1! 1*(+#2!

R9-4'#/-0!$2!-*7!LAAU:!F#(**(%'!$2!-*7!LA?AS7!!

E*(+#2*$''0$''!#-'!=$$0!)='$46$.!(0!/-0&!('*-0.!'%$,($'!-0.!('!(02$4%4$2$.!-'!-0!$11$,2!

)1!2#$!(0'5*-4!,)0.(2()0' !;#(,# !)12$0!%4)6(.$'!-! #-=(2-2!;(2#!1$; !)4!0)!%4$.-2)4'!-0.!

*(/(2$. ! ,)/%$2(2()0! 1)4!4$')54,$'! RB,a-=! ?^^\S7!E*(+#2*$''0$''! $6)*6$'! /)'2!

14$<5$02*&!(0!('*-0.!= (4.' !2#-2!=$*)0+!2)!*(0$-+$'!1)4! ;#(,#!1*(+#2!('!0)2!$''$02(-*!1)4!

1)4-+(0+:!-0.! -4$!4$*$-'$.!14)/!2#$!0$$.!2)!$',-%$!%4$.-2)4'!RK*')0!?^W@:!B,a-=!?^^\S7!

K0!('*-0.'! ;(2#!4$.5,$.! 4-%2)4! '%$,($'! 4(,#0$''! -0.! 0)! /-//-*(-0! %4$.-2)4':!=(4.'!

$6)*6$!'/-**$4!1*(+#2!/5',*$':! ,)0'('2$02!;(2#!'$*$,2()0!1)4!1*(+#2*$''0$''!RD4(+#2!$2!-*7!

LA?MS7!"#$!*)''!)1!1*(+#2!4$/)6$'!/-0&!,)0'24-(02'!(0!2$4/'!)1!;$(+#2!-0.!=).&!'(`$!

*$-.(0+! 2)! '(+0(1(,-02! /)4%#)*)+(,-*! ,#-0+$'!RX(6$`$&! LAA@S7! E)4! (0'2-0,$:! /-0&!

1*(+#2*$''!=(4.'!-4$!*-4+$4!2#-0!2#$(4!6)*-02!4$*-2(6$'!R>))2'!LAAMS7!"#$!/)'2!%4)/(0$02!

$3-/%*$'!-4$!2#$!)'24(,#!;#(,#!'2-0. ' !L7Z!/$24$' !2-**:!-0.!2#$!4$,$02*&!$32(0,2!L!/$24$' !

#(+#!Q)52#!8'*-0.!+(-02!/)-!R!"#$%#"&'%$()&*)&S7!a$6$42#$*$'':!1*(+#2*$''!'%$,($'!#-6$!

-!+4$-2!'(`$!4-0+$7!Q)/$!)1!2#$/!-4$!'/-**!,)/%-4$.!2)!2#$(4!1*&(0+!4$*-2(6$'!*(G$!2#$!

?L7Z!,/T*)0+!80-,,$' '(=*$!8'*-0.!4-(*!R+*,-#*"&"-'%$./%&"S!R>))2'!LAAMS7!

"#$!4-(*'!R>-**(.-$ !1-/(*&S!.(6$4'(1($.!.54(0+!2#$!J),$0$!-4)50.!\A!/(**()0!&$-4'!-+)!

RO-4,(-V>!$2!-*7:!LA?\=S!-0. !(0,*5.$!-4)50.!?@A!'%$,($'!-/)0+!;#(,#!)6$4!@A!-4$!R)4!

;$4$:!1)4!4$,$02*&!$32(0,2!'%$,($'S!1*(+#2*$''!RQ2$-./-0!?^^Z:!b(4,#/-0!LA?L:!O-4,(-T

>!$2!-*7:!LA?\-S7!I*2#)5+#!4-(*' !#-6$!-!2$44$'24(-*!*(1$'2&*$!R"-&*)4!?^^US!')/$! *(0$-+$'!

#-6$!-!2$0.$0,&!2)!,)*)0(`$!),$-0(,!('*-0.'! RK*')0!?^W@:!>(%*$&!$2!-*7!?^WWS!4$'5*2(0+!

(0! -! ;(.$! 4$%4$'$02-2()0! -4)50.! 2#$! ;)4*.7! E)''(* ! 4$,)4.'! '#);! 2#-2 ! $32$0'(6$! *-2$!

e5-2$40-4&!$32(0,2()0!;(2#(0!2#('!+4)5%!4$'5*2$.!14)/!2#$!#5/-0!,)*)0('-2()0!)1!('*-0.' !

RQ2$-./-0!LAAMS7!"#$!/-C)4(2&!)1!2#$!1*(+#2*$''!=(4.'!;(2#(0!2#('!1-/(*&!-4$!$0.$/(,!2)!

'(0+*$!('*-0.' 7!"#(' !(/%*($'!2#-2:!(0!/)'2!,-'$':!2#$(4!-0,$'2)4'!#-.!2)!=$! 6)*-02!2)!4$-,#!

2#('! #-=(2-2! -'! /)'2! ) 1! 2#$! ('*-0.'! ;$4$! 0$6$4! ,)00$,2$.! 2)! ,)02(0$02-*! *-0./-''$ ' !

R"4$;(,G!?^^M:!?^Ŵ-:!=S7!!

e 5-*(2-2(6$! -0.! /)4%#)/$24(,! -0-*&'$'! )1! 6)*-02!-0.!1*(+#2*$''!4-(*'! '5++$'2!2#-2!2#$!

24-0'(2()0! 2)! 1*(+#2*$''0$''!)12$0! (06)*6$'! ')/$! ,)//)0! 24-(2' :!=52! 2#$!%#&*)+$0$2(,!

#&%)2#$'('! 5'$.! 2)!$3-/(0$ ! 2#-2! $6)*52()0-4&! %4),$''! 4$*($.! )0! /-0&! )1! 2#$! '-/$ !



H9IF"J>!"DK !

!

LU!

/)4%#)*)+(,-*! ,#-4-,2$4'! RX(6$`$&:! LAA@S7!D $! 0);! G0);! 2#-2!2#$!/)4%#)*)+(,-*!

%#$0)+4-/!RX(6$`$&:!LAA@S!%))4*&!4$%4$'$02'!/-0&!$6)*52()0-4&!4$*-2()0'#(%' !;(2#(0!

2#$! 1-/(*&:! %)''(=*&! 4$1*$,2(0+!/)4%#)*)+(,-*! ,)06$4+$0,$! -''),(-2$.! ;(2#!

1*(+#2*$''0$''!RO-4,(-T>!$2!-*7:!LA?\-S7!!

F#&*)+$0$2(,!-0-*&'$'!=-'$.!)0!Z!+$0$'!R2#4$$!/(2),#)0.4(-*!-0.!2;) !05,*$-4S!'#);!2#-2!

4-(*'! -4$! '$%-4-2$.! (02)!$(+#2!,*-.$' N!0),"1-2'+%-3"4/&:!5$%678%"$2'9-,,"#-2'5$%:-#-2'

;-*/%-,,)&2'<-,,"1%/='-0. '9-,,)&!RO-4,(-T>!$2!-*7:!LA?\-S7!B)'2!)1!2#$/!(0,*5.$!,-'$'!)1!

24-0'(2()0!2)!1*(+#2*$''0$'':!$'%$,(-**&!(0!2#$!9-,,)&!)0$!(0!;#(,#! -!+4$-2!05/=$4!)1!=(4.'!

-4$! 1*(+#2*$''7! 9$4$! ;$! 5' $! -! /).$40 ! -0.! (0.$%$0.$02! /)*$,5*-4! %#&*)+$0$2(,!

#&%)2#$'('!-*)0+! ;(2#! /)4%#)*)+(,-*! .-2-! )1! )6$4! ^A! 4-(*! '%$,($'!2)!(06$'2(+-2$!2#$!

,)06$4+$02!$6)*52()0!)1!1*(+#2*$''0$''!(0!2#-2!=(4.!1-/(*&7!

/0%1+,$!!

./&/('&(* *

>$%67$,$."1-,'4-*-''

D$!-''$/=*$.!-!/-24(3 !2#-2!,)02-(0' !?A!/)4%#)*)+(,-*!24-(2'!1)4!^A!'%$,($'!RI%%$0.(3!

HL! "-=*$! ?S! (0,*5.(0+!$32-02!2-3-! -0. ! 2#)'$!2#-2! ;$02! $32(0,2! -12$4! 2#$&! ;$4$! 1(4'2!

.$',4(=$. !RX(6$`$&:!LAA@S7!"#$!'$*$,2$.!24-(2'!;$4$!-/)0+!2#$!/)'2!,)//)0*&!5'$.!(0!

2#$! *(2$4-254$! -''),(-2$.! ;(2#! 2#$ ! /)4%#)*)+(,-*! .(11$4$0,$'! =$2;$$0!6)*-02! -0.!

1*(+#2*$''! =(4.'!RX(6$`$&!?^^L:! "4$;(,G!?^^W=:!H5=)! -0.! I42#54!LAA?:!>))2'! LAAM:!

X-/=$42`!-0.!F$44&!LA?ZS7!"# $'$!.-2-! ;$4$!'5%%*$/$02$.!=&!2#$!'2-0.-4.! =).&!*$0+2#' !

)1!4-(*'!4$%)42$.!(0!2#$ 9-0.=))G!)1!2#$!Y(4.'!)1!2#$!D)4*.!I*(6$!K0*(0$!R.$*!9)&)!$2!

-*7!LA?ZS7!B$-0!/$24(,!6-*5$'!;$4$!5'$.!;#$0!.-2-!14)/!.(11$4$02!(0.(6(.5-*' :!)4!-!4-0+$!

)1!6-*5$':!;$4$!-6-(*-=*$7!"#$!05/=$4!)1!/(''(0+!6-*5$'! (0!2#$!15**!.-2-'$2!;-' !,*)'$!2) !

@L_7!!

"#$!2-3)0)/&! 5'$.!(0!2#('!'25.&!1)**);' !2#$!fH*$/$02'!H#$,G*('2!LA?Ug!RH*$/$02'!$2!

-*7! LA?US:! ')! ')/$! )1! 2#$! 0-/$'! %4$'$02$.! (0! X(6$`$&!RLAA@S! #-6$! =$$0! /).(1($.!

-,,)4.(0+*&7!
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!

L^!

J-,#! '%$,($'! ;-'! ,#-4-,2$4('$.!-'! -! 6)*-02!)4!1*(+#2*$''! '%$,($'! -,,)4.(0+!2)! "-&*)4!

R?^^US!-0. !O-4,(-T>!$2! -*7!RLA?\-S7!K2#$4!(01)4/-2()0!(0,*5.(0+!2#$! .('24(=52()0! -0.!

#-=(2-2!;-' !-..$.!2)!2#$!.-2-'$2!=-'$.!)0!O-4,(- T>!$2!-*7!RLA?\-S7!D$!-*')!+$0$4-2$.!- !

'5='$2! )1! 2#$! .-2-!2#-2! (0,*5.$.!)0*&!2#$! '%$,($'!1)4! ;#(,#! =)2#!/) 4%#)*)+(,-*!-0. !

%#&*)+$0$2(,!(01)4/-2()0!; $4$!-6-(*-=*$!RI%%$0.(3!HL!"-=*$!LS7!"#('!'5='$2!(0,*5.$.!

ZL!'%$,($'!-0. !??!/)4%#)*)+(,-*!24-(2'N!=).&!*$0+2#:!;(0+!*$0+2#!R,#)4.!)1!2#$!1*-22$0$.!

;(0+S:!=).&!/-'':!,4-0(-*!*$0+2#:!,4-0(-*!.$%2#:!,4-0(-*!;(.2#:!'2$405/!*$0+2#!R2#$!*$0+2#!

)1!2#$!$32$0'()0! )1!2#$! '2$405/! ,-**$.!G$$*! )4! ,-4(0-S:! '2$405/! .$%2#!R%$4%$0.(,5*-4!

.$%2#!)1!2#$!G$$*S:!%$*6('!;(.2#!R(02$4-,$2-=5*-4!;(.2#S:!1$/54!*$0+2#!-0.!1$/54!;(.2#!

R2#$!;(.2#!)1!1$/)4-*!#$-.!)4!,-%52S!-0.!,)02-(0 $. !)0*&!??_!/(''(0+!6-*5$'7! !

D $!24$-2$.!2#$!%54%*$! ';-/%#$0'!R+$05'!5$%678%"$SN!5?' (/,,)&2'5?'3/,-#$6*/%)&2'5?'

3/,-#$*)& 2'5?'3/,-#$*)&' /,,"$*"2'5?'6$,"$1/67-,)&2'5?'6$%678%"$2'5?'6),@/%),/#*)&2'5?'

&-3$/#&"&2',)0'(.$4$.! =&! X(6$`$&! RLAA@S! -'! .(11$4$02! '%$,($':! -'! -! '(0+*$! 2-3)0N!

5$%678%"$'6$%678%"$' RO-4,(-T>! $2! -*7:!LA?\,S7!B$-0! /$24(,! 6-*5$'!R;#$0! .-2-! ;$4$!

-6-(*-=*$S!;$4$!5'$.!2)!.$2$4/(0$!5?'6$%78%"$!/)4%#)*)+(,-*!.- 2-7!

> $,/1),-%'4-*-' '

B)*$,5*-4!.-2-! ;$4$!-6-(*-=*$!1)4!UU!4-(*!'%$,($'!-0.!W!)52+4)5%!'%$,($'7!E(6$!+$0$2(,!

/-4G$4'!;$4$!5'$.! (0,*5.(0+!@!/(2),#)0.4(-*!+$0$'!RH&2),#4)/$!,!)3(.-'$!'5=50(2!? :!

H&2),#4)/$!=:!?MQ!4>aI S!-0.!L!05,*$-4!+$0$'!RE(=4(0)+$0!Y$2-!H#-(0:!>$,)/=(0-2()0!

-,2(6-2(0+!+$0$!?S!14)/ !O-4,(-T>!$27!-*!RLA?\-S!RaHY8!-,,$''()0!05/=$4'!-6-(*-=*$!(0!

I%%$0.(3!HL!"-=*$!@S7!"#$!05/=$4!)1!-6-(*-=*$!'$<5$0,$'!%$4!+$0$!6-4($'!=$2;$$0!M\!

REOYS!-0.!UZ!R,&2T=S7!!

0)/"1(# (**

578,$./#/*"1&'!

E)4! $-,#! )1! 2#$! 1(6$! +$0$'! RHK8:! ,&2T=:! ?MQ:! EOY:! >IO T?S:! 2#$! '$<5$0,$'! ;$4$!

(0.$%$0.$02*&! -*(+0$.! RO$0$()5'! I*(+0/$02:! 14$$! +-%':! MZ_! '(/(*-4(2&S! 5'(0+! 2#$!

')12;-4$!O$0$()5'!??7?7\!R#22%'Nhh;;;7+$0$()5'7,)/S!2#$0!,)0,-2$0-2$.!(02)!-!'(0+*$!

-*(+0/$02! R' $$! '5%%*$/$02-4&! .-2-S7! "#$! -*(+0/$02! ;-' ! %4),$''$.! 5'(0+!

F-42(2()0E(0.$4L!RX-01$-4!$2!-*7!LA?WS!6(-!2#$!H(%4$'!Q,($0,$!O-2$;-&!!RB(**$4!$2!-*7!
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!

@A!

LA?AS7!" #$!'$*$,2$.!%-42(2()0(0+!',#$/$!-0.!-''),(-2$.!/).$*'!)1!/)*$,5*-4!$6)*52()0 !

;$4$!-'!1)**);' N!?MQN!O">i8iOj!HK8!1(4'2! ,).)0!%)'(2()0'N!O">i8iOj!HK8! '$,)0.!

,).)0! %)'(2()0'N! "cBi8iOj! HK8! 2#(4.! ,).)0! %)'(2()0'N! "8BiOj! ,&2 T=! 1(4'2! ,).)0!

%)'(2()0'N! "cBi8iOj! ,&2 T=! '$,)0.! -0.! 2#(4.! ,).)0! %)'(2()0'N! O">i8iOj! EOYWN!

"cBiOj!>IO?!1(4'2!,).)0!%)'(2()0'N!O">j! >IO?!'$,)0.!,).)0!%)'(2()0'N!9bki8j!

>IO?! 2#(4.! ,).)0! %)'(2()0'N! QkBiO7! B-3(/5/! X(G$*(#)).! RBXS!-0-*&'$'! ;$4$!

(/%*$/$02$.!(0!>I3BX !6U7L7?A!RQ2-/-2-G('!LA?\S!6(-!2#$!H8F>JQ!Q,($0,$!O-2$;-&!

RB(**$4!$2!-*7!LA?AS!;(2#!=))2'24-%%(0+!-52)/-2(,-**&!'2)%%$.!$/%*)&(0+!2#$!/-C)4(2&!

45*$!,4(2$4()07!"#$!,)0'$0'5'!24$$!R(0,*5.(0+!UU!4-(*'!%*5'!W!)52+4)5%!'%$,($':!I%%$0.(3!

HL! E(+54$! ?S! ;-'! 2#$0! %450$.! .);0! 2)! 2#$! '5='$2! )1! ZL! 4-(*! '%$,($'! 1)4! ;#(,#!

/)4%#)*)+(,-*! .-2-! ;-'! -6-(*-=*$7! "#('! ZL! 2-3-! 24$$! ;-'! 5'$.! 1)4! -**! .);0'24$-/!

-0-*&'$'7!l(',4$2$!24-(2'!R$7+7!#-=(2-2! -0.!2#$! -=(*(2&!2)!1*&S! ;$4$!/-%%$.!2)!2#-2!24$$!

5'(0+!>!%-,G-+$!678*$$,&!R>$6$**!LA?LS7!"#$!'-/$!24$$!;-'!5'$.!(0!-''),(-2()0!;(2#!2#$!

4$'5*2'!)1!2#$!%4(0,(%-*!,)/%)0$02!-0-*&'('!RFHI :!'$$!2#$!'$,2()0!=$*);S!2)!+$0$4-2$!- !

+4-%#!)1!%#&*)/)4%#)'%-,$!.$%(,2(0+!2#$!%4)C$,2()0!)1!-!%#&*)+$0$2(,!24$$!;(2#(0!2#$!

2;)!1(4'2!.(/$0'()0'!)1!-! FHI 7!!

A*-*"&*"1&''

Q2-2('2(,-*!-0-*&'$'!; $4$!%$41)4/$.!(0!>!R>!H)4$!"$-/!LA?\S!R2#$!',4(%2!('!-6-(*-=*$!(0!

'5%%*$/$02-4&!.-2-S!5'(0+!2#$!1)**);(0+!%-,G-+$'N!0-1*$%>"#/9!RXm!Q:!95'')0!LAAUS:!

1-%!RE)3!-0.!D$('=$4+!LA?US:!678*$$,&!R>$6$**!LA?LS:!..6,$*B!RD(,G#-/!LA??S!-0. !

678,$&".#-,! Rb$,G! $2! -*7! LA?MS7!I! 1(4'2! %4(0,(%-*! ,)/%)0$02! -0-*&'('! RFHIS! )0! ^A!

'%$,($'!RMZ!6)*-02!-0.!LZ!1*(+#2*$''S!;-'!%$41)4/$.!2)! 6('5-*('$!2#$!6-4(-2()0!;(2#(0!2#$!

4-(*!+4)5%!-0.!2)!.$2$4/(0$!2#$!(/%)42-0,$!)1!$-,#!/)4%#)*)+(,-* !24-(2!RI%%$0.(3!HL!

E(+54$! LS7! "#('! -0-*&'('! 4$6$-*$. ! -! #(+#! *$6$*! )1! ,)44$*-2()0! =$2;$$0! -**!

2#$/)4%#)*)+(,-*!24-(2' 7!I12$4!.$2$,2(0+!-!'(+0(1(,-02!,)44$*-2()0!=$2;$$0!2#$!24-(2!fY).&!

*$0+2#g!-0.!2#$!1(4'2!.(/$0'()0!)1!2#$!FHI!R2#-2!,)6$4'!WZ7M_!)1!2#$!6-4(-0,$S!5'(0+!-!

*(0$-4!/).$*!RER?:!MWSn!L\\7W:!%!o!7AAA:!>! nA7WUS:!-!,)44$,2()0!;-'!-%%*($.!2)!2#$!.-2-'$2!

=&!.(6(.(0+!$-,#!24-(2!=&!2#$!=).&!*$0+2#!)1!2#$!4$*$6-02!'%$,($'7!"#(' !'2-0.-4.('-2()0!)1!

2#$! .-2-'$2! -**);$. !5'! 2)! -0-*&'$!2#$! .(11$4$0,$'! (0!2#$! )6$4-**!=).&! '#-%$!=$2;$$0!

6)*-02!-0.!1*(+#2*$''!4-(*'!4-2#$4!2#-0!2)!,)/%-4$!2#$!-,25-*!'(`$!)1!$-,#!=).&!%-427!"#5':!

2#$!,)44$,2$.!.-2-'$2!4$%4$'$02'!-!4-2()!)1!$-,#!24-(2!,)/%-4$.!2)!2#$!=).&!*$0+2#!)1!$-,#!
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!

@?!

'%$,($'7!" #$!=).&! /-''! ;-'! *)+ T24-0'1)4/$.! -'!2#$! .('24(=52()0! )1!2#-2!24-(2! ;-'!0)2!
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Figure 1 : Scatter plot matrix of 10 traits (corrected by body length) from 75 rail species, 49 
volant and 26 flightless. The upper part of the diagonal shows the coefficient of determination 
(r2) for flightless (red) and volant (black) species. Two traits are considered highly correlated 
when the coefficient is close to one. The lower part of the diagonal shows the scatter plots for 
each pair of traits and the diagonal shows the distribution of the values for each group. 

!-*-'!/6$&"*"$# '
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Figure 2 : Principal component analysis (PCA) plot showing the two first dimensions of the 
multivariate variation among 52 rail species in terms of morphological traits. Vectors indicate 
the direction and strength of each trait contribution to the overall distribution. Black triangles 
represent volant species and red dots are flightless species. 95% confidence ellipses are 
displayed (red for flightless rails, black for volant rails), a larger ellipse is associated with a high 
group variance. 

O$0$4-**&:!2#$!-=(*(2&!2)!1*&!;-' !%)'(2(6$*&!,)44$*-2$.!;(2#!2#$!'2$405/!.$%2#!-0.!*$0+2#!
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2#-0!2#$!6)*-02!+4)5%7!")!2$'2!2#-2:!-!6-4(-0,$!2$'2! ;-'!450!)0!$-,#!)1!2#$!2#4$$!1(4'2!
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.(/$0'()0 ' ! ?! -0.! @! =52! (0! .(/$0'()0! L! 2#$! 6-4(-0,$! )1! 2#$! 1*(+#2*$''! +4)5%! ;-'!

'(+0(1(,-02*&!#(+#$4!2#-0!(0!2#$!6)*-02!)0$!R"-=*$!?S7!

Table 1: Variance explained by each of the first three dimensions in the principal component 
analysis. The variance test implies a null hypothesis that the two groups (volant and flightless) 
have the same variance. An F-test is used when the distribution is normal (Dimensions 1 and 
3) and LeveneÕs test when the distribution is not normal (Dimension 2) 

! "#$%&'#(&!)! "#$%&'#(&!*! "#$%&'#(&!+!

,-.#-&/%! 01)22! *1++3! *1*)2!

4%./%&5-6%!(7!8-.#-&/%'!%9:;-#&%<! 0)12=2! *+1+3)! **1)==!

>?$?;-5#8%!:%./%&5-6%! 0)12=2! =@1)03! 321+)0!

,-.#-&/%!5%'5!
A5-5#'5#/! )1*=! 21)=! )1B30!

A#6&#7#/-&/%! B1@=! B1B)B!C! B13B+!

Table 2: Variance explained by each variable in the principal component analysis. ÒCoord.Ó Is 
the coordinate that indicates (from 0 to 1) the correlation between the variable and the principal 
component; ÒContrib.Ó is the contribution and indicate the percentage of how much each trait 
explains the variance; cos2 (= Coord. * Coord.) is used to estimate the quality of the 
representation.  

!
! "#$%&'#(&!)! ! "#$%&'#(&!*! ! "#$%&'#(&!+!
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M%$?.!;%&65G! ! B12@)! )+1@)=! B1@=@! ! KB1*BH! )13==! B1B00! ! B1+=*! @1H)=! B1)+)!

M%$?.!L#<5G! ! B1+B@! *1**2! B1BH+! ! KB1=)H! )=1+H=! B1+3+! ! B1=@H! )H1=))! B10+@!

94$#(&#3*,'$,'((#4)**
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Table 3: Logistic regression performed on a 52 species dataset showing the relationship 
between 10 morphological traits and the ability to fly. Asterisks show significance of P-values; * 
p < 0.05, ** p < 0.01, *** p < 0.001. A p-value under 0.05 for the normality test (Shapiro-Wilk) 
indicates a rejection of the null hypothesis that the sample is normally distributed. BlombergÕs K 
measures the phylogenetic signal, if it is <0.5 the variable is phylogenetically independent.  

!
!

N?$E%.!(7!':%/#%'! ! O(6#'5#/!.%6.%''#(&!! ! 4GJ;(1!'#6&-;!
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Figure 3 : Comparison of ratio values for volant (black) and flightless (red) groups. Ratios were 
created by dividing the trait values from the upper part of the body (sternum depth and wing 
length) by the trait values from the lower part of the body (pelvis width and femur length) and 
body mass. Body length divided by body mass, wing length divided by body mass, sternum 
depth divided by sternum length and sternum depth divided by body mass are shown as well. 
P-values below 0.05 indicate a significant group difference (T-test).  
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Figure 4 : Flying ability and distribution (island or continent) mapped on a 52 rail species 
Maximum Likelihood phylogenetic tree. 
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Figure 5 : Phylomorphospace. Projection of the 52 rail species Maximum Likelihood 
phylogenetic tree within the two first dimensions of a PCA performed on 10 morphological traits. 
Black dots indicate volant species and red dots indicate flightless species. Black lines indicate 
phylogenetic relationships between species.!
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.(11$4$02! '$*$,2(6$! %4$''54$'! -,2(0+! )0! 6)*-02! -0.! 1*(+#2*$''! 4-(*'7! E*(+#2! 4$<5(4$'!

%);$415*!%$,2)4-*!/5',*$'! ;#(,#!$3%*-(0'!2#$!=(++$4!;(0+'!-0.!'2$40-!(0!6)*-02!'%$,($'7!

>$+-4.(0+!2#$! *$+':!; $!#&%)2#$'(`$!2#-2!2#$! ;$(+#2! ,)0'24-(02! -''),(-2$.! ;(2#!1*(+#2!

/-(02-(0'!2#$!#(0.*(/=!-0.!2#$!%$*6(,!+(4.*$!2)!-!4$.5,$.!'(`$!(0!6)*-02!'%$,($'!=52!)0,$!

2#$!1*(+#2!,)0'24-(02!('!4$/)6$.:!4-(*'!$6)*6$!=(++$4!*$+'7!80!)2#$4!;)4.':!2#$!.(11$4$0,$'!

(0!*$+!'245,254$'!=$2;$$0!6)*-02!-0.!1*(+#2*$''!4-(*'!-4$!/)'2!*(G$*&!.5$!2)!2#$!4$*$-'$!)1!

*(+#2!=).&!/-'' !,)0'24-(02!(0!1*(+#2*$''!4-(*'!-0.!0)2!2)!2#$!1-,2!2#-2!6)*-02!'%$,($'!;-*G!

*$''7!

I!,*$-4!.(11$4$0,$!('!)='$46$.!=$2;$$0!+4)5%'!(0!2#$!'2$405/!.$%2#h'2$405/!*$0+2#!4-2()!

RE(+7!@S7!80.$$.:!6)*-02!4-(*'!#-6$!-!.$$%$4!-0.!*)0+$4!'2$405/!-**);(0+!2#$!(0'$42()0!)1!

%);$415*!%$,2)4-*! /5',*$'! (06)*6$.!(0!1*(+#27!"#$!1*(+#2*$''!4-(*'!%)''$''! -!'#-**);$4!

'2$405/!4$*-2(6$!2)!2#$(4!*$0+2#7! "#('! ('! 0)2! '54%4('(0+!=$,-5'$ ! '2$405/! 4$.5,2()0! ('!

)='$46$.! (0! /-0&! 1*(+#2*$''! =(4.'! -'! 2#('! =)0$! ('! -''),(-2$.! ;(2#! 1*(+#2! /5',*$'!

RX-/=$42`!-0.!F$44&!LA?ZS7!"#('!/$-0'! 2#-2!2;)!/$-'54$/$02'!)1!2#$!'-/$!=)0$!,-0 !

+(6$!-0!(0.(,-2()0!4$+-4.(0+!2#$!1*&(0+!-=(*(2&!)1!-!'%$,($'!RY(,G*$&!-0.!X)+-0!LA?\S7!

"#('!/(+#2!=$!5'$15*!(0!2#$!,)02$32!)1!%-*$)02)*)+(,-*!4$'$-4,#!;#$4$!(2!('!0)2!%)''(=*$!

2)!.(4$,2*&!-''$''!%$,2)4-*!/5',*$!/-'' 7!82!#-'!=$$0!5'$.!(0!2#$!%-'2!2)!(06$'2(+-2$!2#$!

-=(*(2&!2)!1*&!)1!-0,($02!'%$,($'!=-'$.!)0!1)''(*'!R9);-4.!?^M\:!"4$;(,G!?^^W=S7!!
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" #$! 24-0'(2()0! 2)! 1*(+#2*$''0$''! (0! 4-(*'!'#);'! '(/(*-4(2($'! ;(2#! 2#$! 24-0'(2()0! 2)!

1*(+#2*$''0$''!(0!)2#$4!=(4.!1-/(*($'!;#(,#!,)5*.!(0.(,-2$!-!,)06$4+$02!$6)*52()0!)0!-!

/5,#!=4)-.$4!%#&*)+$0$2(,!',-*$7!J3-/(0-2()0!)1!'#-%$!.(11$4$0,$'!(0!6)*-02!('*-0.!=(4.!

%)%5*-2()0'!'5++$'2'!-!2$0.$0,&!2)!,#-0+$!'#-%$!(0!-!;-&!2#-2!,)06$4+$'!'5=2*&!2);-4. !

2#$! 1*(+#2*$''! 1)4/! RD4(+#2! -0.! Q2$-./-0! LA?LS7!I 0! $0$4+&! -**),-2()0! 14)/! 2#$!

1)4$*(/='!2)!2#$!#(0.*(/='!('!) ='$46$.!(0!/)'2!('*-0.'!=(4.'! RD4(+#2!$2!-*7!LA?MS!-0.!('!

-''),(-2$.!;(2#!'/-**$4!1*(+#2!/5',*$'! RD4(+#2!-0.!Q2$-./-0!LA?LS7!K2#$4!%#$0)2&%(,!

,#-0+$' !-''),(-2$.!;(2# !2#$!*)''!)1!1*(+#2!4$1*$,2!-!4$.5,2()0!)1!'$*$,2(6$!%4$''54$:!'5,#!

-'!2#$!2$0.$0,&!1)4!1*(+#2*$''!=(4.'!2)!$3#(=(2!*-4+$4!%$*6$'!-0.!'G5**'!RH5=)!-0.!I42#54!

LAA?:!O5''$G*))!-0.!H5=)!LA?@S7!F$0+5(0'!-0.!/-0&! 1*(+#2*$''!.5,G'!.)!0)2:!#);$6$4:!

'24(,2*&! 1)**);! 2#$! '-/$! /)4%#)*)+&! 24$0.'! -'! 2#$(4! %$,2)4-*! /5',*$'! -4$! 0)2!

'(+0(1(,-02*&!4$.5,$.!,)/%-4$.!2)!1*&(0+!=(4.'!=$,-5'$!)1!-.-%2-2()0!1)4!-<5-2(,!r1*&(0+p!

RB,a-=!?^^\S7!!

5%1"4$')1*/)-*'>4"?&#4)*

E*(+#2*$''0$''!#-'! $6)*6$.! /5*2(%*$!2(/$'! (0!4-(*'!RE(+7!\ ! -0.! ZS! -0.! -'! /)'2! )1!2#$!

1*(+#2*$''! '%$,($'! -4$!$0.$/(,!2)! ('*-0.':! (2!/$-0' !2#$&!-**!#-. !6)*-02!-0,$'2)4'! ;#)!

.('%$4'$.!2)!2#$'$!('*-0.'!Rb(4,#/-0!LAA^:!O-4,(-V>!$2!-*7!LA?\S7!"#$4$1)4$:!2#$!*)''!)1!

1*(+#2!%4)=-=*&!),,544$.!-'!/-0&!2(/$'!-'!2#$4$!-4$!1*(+#2*$''!'%$,($'!(0!2#$!%#&*)+$0$2(,!

24$$!RE(+7!\S7!!

"#$!9-,,)&!,*-.$!(0,*5.$'!-!/-C)4(2&!)1!1*(+#2*$''!'%$,($'!;#(,#!/(+#2!=$!2#$!4$'5*2!)1!

2#$!'-/%*(0+!R;$!/-&!#-6$!/)4$!.-2-!)0!1*(+#2*$''!=(4.'!2#-0!)0!6)*-02!)0$'S!)4!2#$!

,)0'$<5$0,$!)1!2#$!$32(0,2()0!)1!/)'2!)1!2#$!6)*-02!-0,$'2)4' 7!82!('!-*')! %)''(=*$!2#-2!-!

1$;!1*&(0+!-0,$'2)4'!,)*)0('$.!/- 0&!.(11$4$02!('*-0.'!4$'5*2(0+!(0!-!%#&*)+$0$2(,!,*5'2$4!

)1!'$6$4-*!1*(+#2*$''!('*-0.!$0.$/(,!'%$,($'!-0.!)0*&!-!1$;! 6)*-02!)0$' !Rl(-/)0.!?^^?S 7!

E(0-**&:!6)*-02!*(0$-+$'!/-& !0)2!'%$,(-2$!')!4$-.(*&!-'!2#$!1*(+#2*$''!)0$' !=$,-5'$!2#$&!

-4$!0)2!-'!+$)+4-%#(,-**&!'5=.(6(.$.!R"4$;(,G:!?^^Wj!O-4,(-T>!$2!-*7:!LA?WS7!"#$!*-4+$!

05/=$4!)1!1*(+#2*$''!'%$,($'!;(2#(0!2#$!9-,,)&!,*-.$! /(+#2!%)2$02(-**&!(024).5,$!-!=(-'!

(0! 2#$! /)4%#)*)+(,-*! -0-*&'('7! 80.$$.! 2#$! %#$0)2&%(,! 24$0.'! )='$46$.! (0! 1*(+#2*$''!

'%$,($'!,)5*.!4$1*$,2!2#$!)6$4-**!=).&!'#-%$!)1!2#$!9-,,)&!,*-.$!4-2#$4!2#-0!,)06$4+$02!

$6)*52()0!;(2#(0!1*(+#2*$''!4-(*'7!9);$6$4:!2#$!%#&*)+$0$2(,! '(+0-*!2$'2!'#);$.!2#('!('!

0)2!2#$!,-'$7!!
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"#$!%#&*)/)4%#)'%-,$!RE(+7!ZS!'#);' !2#-2!2#$!6)*-02T1*(+#2*$''!%-(4'!)1!,*)'$*&!4$*-2$.!

'%$,($'! ,-0! =$! /)4%#)*)+(,-**&! 6$4&! .('2-027! "#('! %#$0)/$0)0!$/%#-'(`$' !2#-2!2#$!

/)4%#)*)+&!)1!4-(*'!R)4!-2!*$-'2!2#$!/)4%#)*)+(,-*!,#-4-,2$4'!'$*$,2$.!(0!2#('!-0-*&'('S!

('!/)4$!-11$,2$.!=&!2#$!-=(*(2&!2)!1*&!2#-0!=&!2#$!%#&*)+$0&7!"# ('! ('!,)01(4/$.!=&!2#$!

%#&*)+$0$2(,!'(+0-*!-0-*&'('!R"-=*$!@S7!80.$$.:!0)0$!)1!2#$!/)4%#)*)+(,-*!24-(2' !(06)*6$.!

(0!2#('! '25.&! '#); ' !-! '(+0(1(,-02!%#&*)+$0$2(,!'(+0-*!RY*)/=$4+p'!b!;-'! -*;-&'!o ?S!

;#(,#!/$-0'! 2#$!%#$0)2&%$!,-0!=$!,)44$*-2$.!;(2#!2#$!-=(*(2&!2)!1*&!=52!0)2!;(2#!2#$!

%#&*)+$0&7!"#(' !4$'5*2!('!(0!,)0,)4.-0,$!;(2#!K*')0 !R?^W@S!;#)!.$',4(=$ .!2#$!1*(+#2*$''!

,)0.(2()0!-'!-!4-%(.!$6)*52()0!2#-2!involves little genetic modifications and is without 

major phylogenetic significance.!

E*(+#2! (06)*6$'! '24(,2! %#&'(,-*! ,)0'24-(02'! (0! 2$4/' ! )1! =).&! '(`$:! '#-%$! -0.! ;$(+#2!

Rc(`,-s0)!-0.!E-4(t-!?^^^:!9)0$!$2!-*7!LAAUS:!;#(,# !(/%*($'!2#-2!/)'2!6)*-02!=(4.'!(0!

2#('!-0-*&'('!#-6$!'(/(*-4!'#-%$' !R2#)5+#!'(`$!/-&!.(11$4S7!E*(+#2*$''!4-(*'!)0!2#$!)2#$4!

#-0.!'#);!;(.$4!)6$4-** !6-4(-2()0!RE(+7!LS7!"#('!/-&!=$! *(0G$.!2)!2#$!+$0$2(,!(')*-2()0!

-''),(-2$.! ;(2#!2#$! ('*-0.!#-=(2-2!(0!1*(+#2*$''!4-(*'7!" #$(4!$6)*52()0!,-0 !=$! (02$0'$*&!

,)0'24-(0$.! =&!*),-*! '$*$,2(6$!%4$''54$!*$-.(0+!2)!4-%(.! /)4%#)+$0$'('!(0!4$'%)0'$!2)!

2#$! $06(4)0/$02-*! ,)0.(2()0'!RO-4,(-V>! $2! -*7! LA?^S7!E)4! $3-/%*$:! ,*)'$ *&! 4$*-2$.!

'%$,($'!)1!<-,,"%-,,)&!)0!2#$!H#-2#-/!8'*-0. ' !'#-4$!4$.5,2()0!(0!'2$405/!'(`$!=52!'#);!

6$4&!.(11$4$02!4$'%)0'$'! (0!=).&! '(`$! -0.!4$*-2(6$!=$-G!*$0+2#!R"4$;(,G!?^^W=S7!"#$!

6-4(-2()0! ;(2#(0! 2#$! 1*(+#2*$''! +4)5%! -*')! (0.(,-2$' ! 2#-2! 2#$! *)''! )1! 1*(+#2! 4$'5*2'! (0!

,#-0+$'! 2#-2! ,-0! 4$'5*2! (0! /-0&! .(11$4$02! $6)*52()0-4&! 24-C$,2)4($'7!E4$$.! 14)/! 2#$!

,)0'24-(02!)1!1*(+#2:!'$6$4-*!.(11$4$02!6(-=*$!$,)*)+(,-*!)%%)4250(2($'!1)4!24-(2!$6)*52()0!

/-&!$/$4+$ 7!D(2#)52!2#$!%#&'()*)+(,-*!.$/-0.'!)1 !1*&(0+!-!%)%5*-2()0!,-0!$6)*6$!-'!-!

150,2()0!)1!2#$!$,)*)+(,-*!)%%)4250(2($'!-6-(*-=*$!2)!2#$/!4$'5*2(0+!(0!-!;(.$4!4-0+$!)1!

%#$0)2&%(,!)52,)/$'!-/)0+!'%$,($'!R"4$;(,G:!?^^W=S7!I2!2#$!'%$,($'!*$6$*:!.(4$,2()0-*!

$6)*52()0!('! '2(**!(06)*6$.:!=52!;#$0!-**!1*(+#2*$''! '%$,($'!-4$!,)0'(.$4$.:!2#$!4-0+$!)1!

$,)*)+(,-* !)52,)/$'!4$'5*2'!(0!- !;(.$ !%#$0)2&%(,!6-4(-0,$7!80!)2#$4!;)4.':!.54(0+!2#$!

24-0'(2()0! 2)! 1*(+#2*$''0$''! /)4%#)*)+(,-*! 24-(2'! ,-0! .(6$4+$! (0! /-0&! .(11$4$02! ;-&'!

=$,-5'$ !2#$4$!-4$!/)4$!6(-=*$!)%2()0'!-'!-!4$'5*2!)1!*$''!'24(,2!/)4%#)*)+(,-*!,)0'24-(02'7!

80!,)0,*5'()0 :!2#('!'25.&!,)01(4/'!2#$!,)06$4+$02!$6)*52()0!)1!/5*2(%*$!/)4%#)*)+(,-*!

24-(2'!(0!1*(+#2*$''!4-(*'7!"#$'$!=(4.' !$3#(=(2!'#)42!;(0+'!-0. !'/-**! '2$40- !-'!;$**!-'!;(.$!

%$*6$'! -0.!1$/)4-!;#$ 4$-'!6)*-02!'%$,($'!#-6$!*)0+! ;(0+':! .$$%!'2$40-!-0. ! '/-**$4!
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1$/)4-!-0.!%$*6$'7!D $!1(0. !0)!$6(.$0,$!2#-2!,4-0(-*!24-(2'!-4$!,)44$*-2$.!;(2#!2#$!-=(*(2&!

2)!1*&!R,717!X(6$`$&!LAA@S:!-0.!2#('!*(G$*&!4$1*$,2'!2#$!,)44$*-2()0!=$2;$$0!,4-0(5/!'(`$!

-0. !2#$!)6$4-**!'(`$!)1!2#$!=(4.'!;#(,#!;$!,)44$,2$.!1)47!d'(0+!(0.$%$0.$02!%#&*)+$0$2(,!

.-2- :!;$!'#);! 2#-2!24-(2'!)1!1*(+#2*$''!4-(*'!-4$!0)2!'5=C$,2!2)!%#&*)+$0$2(,!,)0'24-(02!=52!

4-2#$4!4$1*$,2!-!/)4%#)*)+(,-*!,)06$4+$02!-.-%2-2()0!2)!2#$!*)''!)1!1*(+#27!!

4'%'!'5'.3'#.3.%6!!

Q5%%*$/$02-4&!/-2$4(-*!,-0!=$!1)50.!)0!.4&-.! #22%'Nhh.)(7)4+h?A7ZAM?h.4&-.7.`AUG%4'`!

-0.!(0! I%%$0.(,$'7!!

"(7*+830,9 0:0*%$!

"#('!'25.&!;-'!'5%%)42$.!=&!2#$!a$;!q$-*-0.!B-4'.$0!E50.!H)50,(*!14)/!O)6$40/$02!

150.(0+:!/-0-+$. !=&!>)&-*!Q),($2&!"$!I%u4-0+(:!+4-02!BId?MA?!2)!OHO7!!

20;0&0*(0$!!

I*$3-0.$4:! >7! B7! ?^^U7! I**T2(/$! +(-02'N! 2#$! *-4+$'2! -0(/-*'! -0.! 2#$(4! %4)=*$/'7!V!

F-*-$)02)*)+&!c)*5/$!\?:!F-42!MN!?L@?V?L\Z7!

Y-G$4:!I7!P7:!9-..4-2#:!K7:!B,F#$4')0:!P7!l7!-0.!H*)52($4:!I7!LA?\7!O$0)/(,!Q5%%)42!

1)4! -! B)- V"(0-/)5! H*-.$! -0.! I.-%2(6$! B)4 %#)*)+(,-*! H)06$4+$0,$! (0!

E*(+#2*$''!>-2(2$'7!V!B)*!Y()*!J6)*!@?N!?MUMV?M^M7!

Y(,G*$&:!Q7!>7!Y7!-0.!X)+-0:!B7!F7!K7!LA?\7!>$+5*-2)4&!/).5*-2()0!)1!2#$!"T=)3!+$0$!

"=3Z!*(0G'!.$6$*)%/$02:!$6)*52()0:!-0.!-.-%2-2()0!)1!2#$!'2$405/7!V!FaIQ!???N!

?W^?WV?W^LL7!

Y*)/ =$4+:!Q7!F7:!O-4*-0.:!"7!-0.!86$':!I7!>7!LAA@7!"$'2(0+!1)4!F#&*)+$0$2(,!Q(+0-*!(0!

H)/%-4-2(6$! l-2-N!Y$#-6()4-*! "4-(2'! I4$!B)4$!X-=(*$7!V!J6)*52()0!ZWN!W?WV

W\Z7!
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Y45'-22$:!Q7!X7:!KpH)00)4:!P7!b7!-0.!P-46(':!J7!l7!LA?Z7!"#$!K4(+(0!-0.!l(6$4'(1(,-2()0!

)1!Y(4.'7!V!H544$02!Y()*)+&!LZN!>UUUV>U^U7!

H*$/$02':!P7!E7:!Q,#5*$0=$4+:!B7!P7!87:!>)=$4')0:!l7:!E4$.$4(,G':!"7!I7:!Q5**(6-0:!Y7!X7!

-0.! D)).:! H7! X7! LA?U7! "#$! $Y(4.hH*$/$02'! ,#$,G*('2! )1! =(4.'! )1! 2#$! ;)4*.N!

6LA?U7!

H5=):!P7!-0.!I42#54:!D7!LAA?7!F-22$40'!)1!,)44$*-2$.!,#-4-,2$4!$6)*52()0!(0!1*(+#2*$''!

=(4.'N!-!%#&*)+$0$2(,!-%%4)-,#7!V!J6)*52()0-4&!J,)*)+&!?\N!M^@VWAL7!

.$*!9)&):!P7:!J**()22:!I7:!Q-4+-2-*:!P7:!H#4('2($:!l7!I7!-0.!.$!P5-0-:!J7!LA?Z7!9-0.=))G!

)1!2#$!Y(4.'!)1!2#$!D)4*.!I*(6$7!V!X&03!J.(,()0'7!

l(-/)0.:!P7!?^^?7!I!a$;!Q%$,($'!)1!>-(*!14)/!2#$!Q)*)/)0!8'*-0.'!-0.!H)06$4+$02!

J6)*52()0!)1!80'5*-4!E*(+#2*$''0$''7!V!I5G!?AUN!\M?V\WA7!

J**()22:!b7!97:!>(,G*$1':!>7!J7:!O-'2)0:!I7!P7:!9-2,#:!Q7!I7:!Q%$-G/-0:!P7!>7!-0.!l-6)4$0:!

O7! b7! LA?@7! 9(+#! 1*(+#2! ,)'2':! =52! *);! .(6$! ,)'2':! (0! -5G'! '5%%)42! 2#$!

=()/$,#-0(,-*!#&%)2#$'('!1)4!1*(+#2*$''0$''! (0!%$0+5(0'7!V!FaIQ!??AN!^@UAV

^@U\7!

E)3:!P7!-0.!D$('=$4+:!Q7!LA?U7!F-,G-+$!r,-47p!

O-4,(-T>7:!P7!H7!-0.!"4$;(,G:!Q7!I7!LA?\7!l('%$4'-*!-0.!'%$,(-2()0!(0!%54%*$!';-/%#$0'!

R>-**(.-$N!F)4%#&4()S7!V!"#$!I5G!?@LN!?\AV?ZZ7!

O-4,(-V>:!P7!H7:!O(==:!O7!H7!-0.!"4$;(,G:!Q7!I7!LA?\7!J),$0$!l(6$4'(1(,-2()0!)1!H4);0!

O4)5%!>-(*'!RI6$'N!O45(1)4/$'N!>-**(.-$S7!V!FXKQ!KaJ!^N!$?A^M@Z7!

O-4,(-T>:!P7!H7:!O(==:!O7!H7!-0.!"4$;(,G:!Q7!I7!LA?\7!l$$%!+*)=-*!$6)*52()0-4&!4-.(-2()0!

(0! =(4.'N! l(6$4'(1(,-2()0! -0.! 24-(2! $6)*52()0! (0! 2#$! ,)'/)%)*(2-0! =(4.! 1-/(*&!

>-**(.-$7!V!B)*$,5*-4!F#&*)+$0$2(,'!-0.!J6)*52()0!U?N!^MV?AU7!
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Figure 1: Maximum likelihood (RAxML V.8) phylogeny of three volant (black) and five flightless 
(red) rail lineages (Aves: Rallidae) based on 10 concatenated nuclear genes (ADNP, BEGAIN, 
INO80D, KBTBD8, NCOA6, RHOBTB1, S1PR3, SPECC1L, ZNF618, ZNF654) analysed with 
Balearica regulorum crane (Aves: Gruidae) (grey) as outgroup; the genes were selected from a 
set of universal nuclear protein-coding loci markers for avian phylogenetics (Liu et al. 2018); 
bootstrap supports are indicated for each node.  
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Table 1: DNA concentration and sampling information including the location and time of collection 
as well as museum ID (when known) 
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Table 2: Fastp outputs after the sequencing of four rail species indicating the number of reads 
before and after filtering as well as  the quality assessment 
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Figure 2: K-mer frequency in four rails from Aotearoa New Zealand.  K-mer (nucleotide sequence 
of a certain length) were 57, 61, 61, 87 for G. australis, G. philippensis, P. melanotus and P. 
hochstetteri respectively. In each distribution, two main peaks correspond to the genomic K-mers 
for the heterozygous (left) and homozygous (right) parts of the genome. The single main peak of 
P. hochstetteri indicates high homozygosity. Low depth peaks corresponding to erroneous K-mer 
populations have been masked for clarity. Icons indicate flightless and volant species. 
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Figure 3: Average heterozygosity at 20 randomly selected genes from four newly assembled and 
annotated rail genomes (average total length 266,456 bp). Heterozygosity is the proportion of total 
nucleotide sites per individual site having two bases. Icons indicate flightless and volant species. 
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Figure 4 : BUSCO V4 results (mode: genome) using the aves_odb10 dataset. Total number of 
genes (Benchmarking Universal Single-Copy Orthologs): 8338. Complete: ortholog is present in 
the genome in a single copy (Complete single) or in two copies (Complete double), Fragmented: 
gene is only partially present, Missing: no significant match in the genome.
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Table 3: De novo genome assembly metrics among 8 rail species and one crane (B. regulorum) 
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Figure 5: Completeness of CDSs retrieved from eight rail genomes compared to the reference crane 
B. regulorum genome that has a total of 15,035 annotated CDSs. Colours indicate the proportion of 
genes retrieved from a sample at various scales of completeness. 
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j#' 4$A![?!q?A!.&8s2Ẑ&6&A!+?A!+8$5A!q?!&2/!.39$%4)32A!N?!+?!T=;Y?!C3,$(!B$2$4'6!,&%'&4'32!'2!

&2! ')3(&4$/! 131:(&4'32! 37! 4#$! 2&4'32&((5! 6%'4'6&(! N&&)4! 43F3$F&! *+14$%5I! &:)4%&(')!

mN&&)4n0!%$,$&()!$I4%$8$!)#3%4%̂&2B$!)4%:64:%$!>'4#'2!4#')!6%514'6!&2/!7('B#4($))!9'%/?!S!

O32)$%,!L$2$4!;V-!;R=;S;R;=?!

j:A!"?![?!&2/!j&4&2&9$A!O?!W?!T==Q?!L`+@-!&!B$238'6!8&11'2B!&2/!&('B28$24!1%3B%&8!73%!

8.C+!&2/!PU"!)$H:$26$)?!S!b'3'273%8&4'6)!T;-!;YQVS;YXQ?!

(

!

!



ON+@"P.!"N.PP !

!

XT!

!



!"#$%&'() *+' (

!"#"$%&'()$*+),'$-'./%0*$/"11#"112'"3%4"#&"'
-.' &-#3"50"#$'"3-/6$%-#'%#'5)%/1''
783"12'9)//%4)":'

!

!

!

!

"#$%&'(%!

"#$%&'#()#*+,! -.+#/)0! -+#! &)12-)! '&! ),%(%#+*)! +! 0'2&-)! '3! 0),)-*%'#! *.+*! 4+0! 3'&()&,5!

%#$',$)1!%#!*.)!(+%#*)#+#-)!'3!+!6.)#'*56%-!*&+%*7!8.%0!6.)#'()#'#!%0!-+,,)1!&),+9)1!0),)-*%'#!

+#1!+#!)9+(6,)!'3! %*!%0!*.)!,'00!'3!3,%/.*!%#!%0,+#1!:%&107!;.)#! '&/+#%0(0!)$',$)!3,%/.*,)00#)00!

%*! %0! )96)-*)1! *.+*!*.)! /)#'(%-! &)/%'#0! %#$',$)1! %#! 3,%/.*! -+6+-%*5! 4%,,! 2#1)&/'! &),+9)1!

0),)-*%'#7!<)$)&+,!06)-%)0!3&'(!*.)!&+%,!3+(%,5!=>$)0?!@+,,%1+)A!%#1)6)#1)#*,5!,'0*!*.)!+:%,%*5!

*'!3,5!4.%-.!(+B)0!*.%0!-,+1)!+!/''1!('1),!*'!0*215!*.)!)$',2*%'#!'3!+$%+#!3,%/.*,)00#)007!C)&)D!

4)!20)1!:&+#-.E0%*)!('1),0!*'!%#$)0*%/+*)!*.)!-'#$)&/)#*!)$',2*%'#!'3!*.+*!*&+%*7!8'!1'!0'D!*.)!

-'1%#/!&)/%'#0!3&'(!0)$)#!&+%,0?!*.&))!$',+#*D!!"#$%&#'"()*+,-"./0 1(2,++'#,++/0($%'+'$$*-0'0(

+#1(3/+'4,( ,.#, (+#1! 3'2&! 3,%/.*,)00!!"#$%&#'"( %"4%0.*..*#'1( 2,++'#,++/0( ,/0.#,+'01( 5.+,-.'0',(

#"6*#0'1(+#1(7,$"#-',(,.#, (4)&)!-'(6+&)1!* ' !%1)#*%35!/)#)0!2#1)&!1%33)&)#*!0),)-*%$)!6&)002&)!

+00'-%+*)1! 4%*.! 3,%/.*,)00#)007! "$%1)#-)! '3! 0),)-*%'#! 4+0! 1)*)-*)1! %#! .2#1&)10! '3!/)#)0 7!

F'&)'$)&D!/)#)0!2#1)&!&),+9)1!0),)-*%'#!4)&)!)#&%-.)1!%#!GH!32#-*%'#+,!-+*)/'&%)0!*.+*!4)&)!

)%*.)&!1%&)-*,5!+00'-%+*)1!4%*.!3,%/.*!,%B)!(20-,)!1)$),'6()#*!+#1! &)/2,+*%'#!'3!*.)! -%&-2,+*'&5!

050*)( ! '&!+00'-%+*)1!4%*.! *.)! )-','/%-+,! -.+#/) 0! -'#0)I2)#*! *'! *.)! ,'00! '3! 3,%/.*! 02-.! +0!

%((2#)!&)06'#0)!+#1!-'/#%*%'#7!

!"#$%&'() *@+,,%1+)D!J,%/.*,)00#)00D!@),+9)1!0),)-*%'#D!K'#$)&/)#*!)$',2*%'#*



KC>L8"@!JHM@!

!

NO!

)*%&+, -(%.+*!

P%33)&)#*!06)-%)0! '3*)#! )$',$)!6.)#'*56%-!0%(%,+&%*%)0!%#!&)06'#0)! *'! )-','/%-+,! -.+,,)#/)07!

8.+*!-'#$)&/)# -)! 0.'40!*.+*!)#$%&'#()#*+,!-%&-2(0*+#-)0!-+#!+66,5!0),)-*%$)!6&)002&)!4.%-. !

&)02,*0! %#!0%(%,+&!)$',2*%'#+&5! 0',2*%'#0!=<*)&#! QRSTA7!8.)! (',)-2,+&! :+0%0! +00'-%+*)1! 4%*.!

*.)0)!+1+6*+*%$)!*&+%*0!-+#!:)!0%(%,+&!(2*+*%'#0!%#!1%33)&)#*!06)-%)0!=U)0#+&1!)*!+,7!QRRVD!W.)#!

)*!+,7!QRSQA!'&!X,%#)+/)!06)-%3%-Y!$+&%+*%'#0!*.+*!&)02,*!%#!*.)!0+()!6.)#'*56)!=K''6)&!)*!+,7!

QRSOA7!>! &)(+&B+:,)! )9+(6,)! '3! -'#$)&/)#*! )$',2*%'#! %0! *.)! ,'00! '3! 3,%/.*! %#! :%&10! 4.%-.!

&)6)+*)1,5!'--2&0!%#!+$%+#!)$',2*%'#!=@'33!SVVOA7!J,%/.*,)00#)00!.+0!:))#!':0)&$)1!%#!(+#5!

%0,+#1!06)-%)0!+#1!%0!%#*)&6&)*)1!+0!+#!)33)-*!'3!*.)!%#02,+&!-'#1%*%'#0!4.%-.!'3*)#!6&'$%1)!+!

.+:%*+*!4%*.!3)4!'&!#'!6&)1+*'&0!+#1!,%(%*)1!-'(6)*%*%'#!3'&!&)0'2&-)0!=F-Z+:!SVVOA7!

!"##$%"&'

8.)!:%&1!3+(%,5!B#'4#!+0!&+%,0!=>$)0?!@+,,%1+)A!'&%/%#+*)1!12&%#/!*.)!"'-)#)!+&'2#1!OR!(%,,%'#!

5)+&0!+/'!=G+&-%+[ @!)*!+,7!QRSOA!+#1!1%$)&0%3%)1!%#*'!'$)&!STR!)9*+#*!06)-%)0!=<*)+1(+#!SVV\D!

]%&-.(+#!QRSQD!G+&-%+[ @!)*!+,7!QRSOA7!P)06%*)!*.)!*)&&)0*&%+,!,%3)0*5,)!'3!*.)!(+^'&%*5!'3!*.)!

06)-%)0!=8+5,'&! SVV_AD! *.%0! :%&1! 3+(%,5! 1%06,+50! &)(+&B+:,)! 1%06)&0+,! -+6+-%*5! &)02,*%#/! %#!

:&'+1!1%0*&%:2*%'#!+#1!*.)!-','#%`+*%'#!'3!#2()&'20!'-)+#%-!%0,+#10!=H,0'#!SVNTD!@%6,)5!)*!+,7!

SVNND!G+&-%+[ @!)*!+,7!QRSOA7!8.)!)9*+#*!1%$)&0%*5!%#-,21)0!='&!&)-)#*,5!%#-,21)1A!('&)!*.+#!TR!

3,%/.*,)00! 06)-%)0D! *.)! (+^'&%*5! '3! 4.%-.! +&)! )#1)(%-! *'! 0%#/,)! %0,+#10! =<*)+1(+#! SVV\D!

]%&-.(+#!QRSQA7!8.%0!1)('#0*&+*)0!*.)%&!+#-)0*'&0!.+1!:))#!$',+#*!=8&)4%-B!SVVN+D!:A!+#1!

*.)&)3'&)!*.+*!3,%/.*,)00#)00!)$',$)1!(2,*%6,)!*%()07!>0!+!-'#0)I2)#-)D!*.)!&+%,!3+(%,5!%0!+#!

)9-),,)#*! ('1),!*'!0*215!*.)!)$',2*%'#+&5!6&'-)00!:).%#1!*.)!*&+#0%*%'#!*'!3,%/.*,)00#)007!

J,%/.*,)00!&+%,0!0.+&)!('&6.','/%-+,!-.+&+-*)&0!*.+*!1%0*%#/2%0.!*.)(!3&'(!*.)%&!$',+#*!&),+*%$)0D!

*.)5!)9.%:%*!0(+,,)&!0*)&#+!+#1!4%#/0!*.+#!$',+#*!*+9+!+,'#/!4%*.!4%1)&!6),$)0!+#1!('&)!&':20*!

3)('&+ !=a%$)`)5!QRRTD!G+06+&!)*!+,7!QRQRA7!F'&)'$)&D!%*!.+0!:))#!0.'4#! *.+*!*.)0)!1%33)&)#-)0!

+&)!%#1)6)#1)#*!'3!6.5,'/)#5!+#1!%#0*)+1!1)('#0*&+*)!-'#$)&/)#*!('&6.','/%-+,!+1+6*+*%'#!

+00'-%+*)1!4%*.!+!4+,B%#/!)-','/5!=G+06+&!)*!+,7!QRQRA7!!



"bHaM8cHZ!HJ!KHPcZG! @"GcHZ<!

!

N\!

(&")*+$,-')&#&./$0,'

;.%,)!(2-.!%0!B#'4#!+:'2*!*.)!('&6.','/%-+,!-.+&+-*)&%0*%-0!'3!3,%/.*,)00#)00D!4)!+&)!'#,5!

:)/%##%#/! *'!2#1)&0*+#1!*.)! /)#)*%-!0%/#+,0!+00'-%+*)1!4%*.! *.%0!6.)#'*56%-! )$',2*%'#7!H#)!

+66&'+-.!*'!0*215%#/!*.)!(',)-2,+&!:+0%0!'3!3,%/.*,)00#)00!%0!*'!()+02&)!0),)-*%'#!'#!-'1%#/!

&)/%'#07!> (%#'!+-%10!+&)!06)-%3%)1!:5!('&)!*.+ #!'#)! (@Z>! -'1'#D!+0!+!-'#0)I2)#-) D!#'*!+,,!

#2-,)'*%1)! 02:0*%*2*%'#0! &)02,*! %#!+(%#'! +-%1! &)6,+-)()#* 7! <5#'#5('20 ! #2-,)'*%1)!

02:0*%*2*%'#0!.+$)!#'!)33)-*!'# !*.)!+(%#'!+-%1!0)I2)#-)!4.)&)+0!#'#05#'#5('20 !02:0*%*2*%'#0!

-+20)!+(%#'!+-%1!-.+#/)7!>0!#+*2&+,!0),)-*%'#! '6)&+*)0!(+%#,5!+*!*.)!6&'*)%#!,)$),D!&),+*%$)!

&+*)0! '3!#'#05#'#5('20 !=1! A!+#1!05#'#5('20 !=1" A!02:0*%*2*%'#!+&)!20)32,!*'!%#3)&!0),)-*%$)!

6&)002&)0!=]%(2&+! SVNNA7!8.)! &+*%'! de1! f1" ! -+#! :) !20)1! *'! ()+02&)! *.)! :+,+#-)! :)*4))#!

6'0%*%$)D! #)2*&+,D! +#1! 62&%35%#/! 0),)-*%'#7! c*! -+#! +,0'! :)! -'(:%#)1! 4%*.! 6.5,'/)#)*%-!

%#3'&(+*%'#!+#1!-+,-2,+*)1!3'&!+#5!-'1'#!0%*)D!*.)0)!:&+#-.E0%*)!('1),0!+%(!*'!1)*)-*!&),+9)1!

'&!%#*)#0%3%)1!0),)-*%'#!+*!*.)! ,%#)+/)! ,)$),!=g+#/!QRRNA7!@),+9)1!0),)-*%'#!&)3)&0!*'!&),)+0)!

3&'(!0),)-*%$)!-'#0*&+%#*D!%#!'2&!-+0)!*.)!-'#0*&+%#*!%0!3,%/.*7!8.%0!)$',2*%'#+&5!6.)#'()#'#!%0!

-.+&+-*)&%`)1!:5!+!&)12-*%'#!%#!*.)!%#*)#0%*5!'3!62&%35%#/!+#1!6'0%*%$)!0),)-*%'#!=a+.*%!)*!+,7!

QRRVD! ;)&*.)%(! )*! +,7! QRS\A7! 8'! %#$)0*%/+*)! 0%/#0! '3! -'#$)&/)#*! &),+9)1! 0),)-*%'#D! $',+#*!

06)-%)0!=:+-B/&'2#1!,%#)+/)0A!-+#!:)!-'(6+&)1!4%*.!3,%/.*,)00!06)-%)0!=3'&)/&'2#1!,%#)+/)0A!

%#!+!6.5,'/)#)*%-!-'#*)9*7!>*!+!(',)-2,+&!,)$),D!*.)! 0),)-*%'#!%0!-'#0%1)&)1!&),+9)1!%3!*.)!0%*)0!

4%*.!0(+,,)&!d!$+,2)0!=62&%35%#/!0),)-*%'#D!:,2)!%#!J%/7!SA!%#!*.)!:+-B/&'2#1!,%#)+/)0!%#-&)+0)!

*'4+&1!'#)!=#)2*&+,A!%#!*.)!3'&)/&'2#1!,%#)+/)0!4.)&)+0!*.)!d!$+,2)0!/&)+*)&!*.+#!'#)!%#!*.)!

:+-B/&'2#1!,%#)+/)0!=6'0%*%$)!0),)-*%'#D!&)1!%#!J%/7!SA!1)-&)+0)!%#!*.)!3'&)/&'2#1!,%#)+/)07!H#!

*.)!'*.)&!.+#1D!%3!*.)!0(+,,)&!d!$+,2)0!+&)!)$)#!0(+,,)&!%#!*.)!3'&)/&'2#1!,%#)+/)0!+#1!*.)!d!

$+,2)0!+:'$)! '#)!%#-&)+0)!%#!*.)!3'&)/&'2#1!,%#)+/)0!*.)!0),)-*%'#!%0!-'#0%1)&)1!%#*)#0%3%)1!

=J%/7SA7!



KC>L8"@!JHM@!

!

Nh!

!

Figure 1 : Relaxed and intensified selection. Sites under positive selection are shown in red and sites 
under purifying selection are shown in blue. Intensified selection results in all ! categories being pushed 
away from neutrality (!=1) and relaxed selection results in all ! categories being pushed toward 
neutrality. (Redrawn after Wertheim et al. 2015). 
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Figure 2: Maximum likelihood (RAxML V.8) phylogeny of three volant (black) and four flightless (red) 
rails (Aves: Rallidae) based on 45 concatenated nuclear gene sequences selected from a set of 
universal nuclear protein coding loci markers for avian phylogenetics (Liu et al. 2018). Bootstrap support 
is indicated for each node. The grey crowned crane Balearica regulorum root species is not shown on 
this tree. Red terminals branches symbolise the independent emergence of flightlessness. 
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Figure 3: Pipeline of methods used to generate and screen thousands of coding sequence alignments 
for selection signal in flightless species.!
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Figure 4: Likelihood ratio test (LRT) results for 11,577 CDS alignments. Four branch-site model 
comparisons were tested with four flightless ÔforegroundÕ rails and three volant ÔbackgroundÕ rails. 
Alternating colours indicate putative chromosomal positions of the genes estimated from Balearica 
regulorum chromosome level genome assembly (GCA_011004875.1) arranged with chromosome 1 
(left) to Z (no W Chromosomes were found as most specimens were males) and non-assigned genes 
on the right. LR = 2*(likelihood model 1 - likelihood model 2).!a) LRT results between M0 and M2 
models, genes above the dashed line present significant differences between the models indicating 
evidence of selective pressure in flightless rails for that gene. b) LRT results between M1 and BS1 
models, if not further rejected in favour of BS2, all the genes above the dashed line are inferred to be 
under relaxed selection in flightless rails. c) LRT results between BS1 and BS2 models. Genes above 
the dashed line in both M1-BS1 and BS1-BS2 show evidence of positive selection in flightless rails; LR 
values were log transformed for clarity. d) LRT results for RELAX v3.1. Genes above the dashed line 
show evidence of relaxed or intensified selection in flightless species; LRT values were log transformed 
for clarity. The genes named on the plots show high LR values in multiple likelihood ratio tests and/or 
are further discussed in the text.!
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Figure 5: Variable association matrix between CodeML and HyPhy tests results. A positive Phi-

coefficient (red) indicates an association between two test results and a Phi-coefficient close to zero 

indicates an absence of association. 
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Figure 6: Venn diagrams showing the overlapping of CodeML and HyPhy test results; a) comparison 
between M0-M2 (different selective pressure) and genes under relaxed selection; b) comparison 
between M0-M2, genes under positive and intensified selection. Genes with Incomplete Lineage Sorting 
(ILS) are included in these diagrams.  
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Table 1: Number of genes under different types of selective pressures according to CodeML, HyPhy 
and Approximately Unbiased (AU) test results. The average length is the CDS alignment length after 
quality filtering.!

 Number of genes  ILS (percentage)  Average length (bp)  

M0-M2 791 61 (7.77%) 1145 

CodeML relaxed  388 28 (7.21%) 1290 

Positi ve 24 3 (12.50%) 980 

HyPhy  relaxed  481 28 (5.85%) 1284 

Intensified  407 33 (8.11%) 1171 

AU test  802 - 487 

All genes  11557 802 (6.94%) 1080 
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Figure 7: Comparison of gene length difference in relation to CodeML, HyPhy and AU test results. 
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Figure 8: Hierarchical tree graph of overrepresented GO terms for relaxed genes on flightless rail lineages. Coloured nodes represent significantly enriched 
categories with node diameter inversely proportional to the FisherÕs exact test p-value. Categories displayed were restricted to those with enrichment greater 
than two fold and associated with at least 4 genes. Node colours correspond to GO categorical function groups. Small grey nodes are not part of the enriched 
GO terms but show the GO pathways to enriched terms. !
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Figure 1: Maximum likelihood (RaxML V8) phylogeny of three volant (black) and four flightless 
(red) rails (Aves: Rallidae) and five cranes (all volant), inferred from a 46,972bp alignment of 20 
nuclear genes (Liu et al. 2018); bootstrap supports are indicated for each node. Red terminals 
branches symbolise the independent emergence of flightlessness. )
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Table 1: PROVEAN pairs: 4 pairs of volant-flightless rails and 6 pairs of volant-volant rails (as 
control). # proteins is the number of AA alignments that contains at least one amino acid 
substitution. Genetic distance is given as substitutions per site.  
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Figure 2 : Genome-wide evolutionary rate convergent shifting in four rail species that evolved 
flightless independently. Eight volant Gruiformes species were used as background. Significant 
accelerated or decelerated evolutionary rate in flightless rails was assessed using Wilcoxon rank-
sum test via the R package RERconverge.)
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Figure 3 : Distribution of the effect of variant (PROVEAN score) between four flightless rails and 
their closest volant relatives for which the whole genome is available. PROVEAN was used 
genome-wide to predict the effect on protein function of all substitutions. The more negative the 
score the more likely the variant impacts the protein function. The threshold was set at ! 2.5 and 
the percentage of function-altering substitutions (black boxes) is indicated for each flightless rail. 
The reference species for G. australis was G. philippensis and P. melanotus was used as a 
reference for the three other flightless rails. 
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Figure 4. Single amino acid substitutions correlated with the transition to flightlessness in 17 
protein sites. The gene encoding each protein as well as the amino acid site (in brackets) is 
indicated on top of the graph. The red colour in the phylogenetic tree indicates the independent 
evolution of flightlessness in the four species. All substitutions present in flightless birds are 
function-altering (PROVEAN score <! 2.5). 
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Table 2: Function-altering substitutions/Total number of substitutions. Proportions of function-
altering substitutions in four flightless rails when compared to their closest volant relatives. Six 
pairs of volant-volant rails were used as negative controls to identify proteins carrying function-
altering variants in flightless species. The length of each protein alignment is given in amino acids. 
ÒAcc.Ó in the RER (Relative Evolutionary Rate) column indicates a significant accelerated 
convergent evolutionary rate in all flightless rails compared to the volant species for that protein.  
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Table 3. Lineage specific proteins with altered function in four flightless rails. The number of 
proteins with at least two and more than 25% of function-altering substitutions (PROVEAN score 
< ! 2.5) is shown for each flightless species. Tests for functional enrichment were performed on 
the four protein lists. Enriched GO terms containing at least 4 genes, exhibiting an enrichment fold 
above 2, and a p-value < 0.05 were kept.  
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Table 4. Biological function enriched in proteins with altered function for each flightless species. 
Numbers indicate how many enriched GO terms were present for each flightless rail. 
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Figure 1: Evolutionary processes involved in the transition from volant to flightless in rails. 
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Table 1: Biological functions enriched in flightless rails and the associated genes under different selective pressures. The columns indicate the genes under 
relaxed selection in flightless rails, the genes exhibiting an accelerated evolutionary rate in flightless rails compared to the volant rails and cranes, and the genes 
encoding proteins that carry function-altering variants deleterious in flightless species.  
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Table 2: Candidate genes showing significant signs of selective pressure in flightless rails. Each column 
represents a selective pressure acting on the genes based on a series of phylogeny corrected tests. 
The indicated length is the alignment length used for the different tests and ÒChromosomeÓ is the 
location of the gene in the reference species Balearica regulorum.  
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Figur e 2: Variable association matrix showing interrelations between all the tests carried out on rails 
genes. A positive Phi-coefficient (red) indicates a strong association between two test results and a Phi-
coefficient close to zero indicates an absence of association. 
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#;05BN!&EN!%25BN!+EUbEN!T04N!/EN!F29N!rEÛEN!+905BN!(EN!b;05N!PEUTE!053!+;N!iEU#E!.Q,LE!&72!

'DD2C6!4D!"8416:939;A!H;6?:9C;A!45!T;6!P9C:4H9460N!*AA;52!(21>4512!053!*562169508!

/0::92:!O;5C6945!K;:95B!672!K2<284>A256!4D!_2C:469C!'562:9691!95!"79CI251E!n!O:45692:1!

95!P9C:4H9484B?!,Qh!.-QLE!



"#$%&'(!)*+ !

!

,`Q!

#;A2N! fE!%E!053!P0:6988N!KE! .Q,LE! (2>20623!2<48;6945!4D!D89B7682115211!95!K:?489A501! :0981!

J$<21h!(0889302V!0D62:!2@695C6945!053!:2C48459Z06945!45!$830H:0E!n!i448!f!^955!)4C!,S`h!

``` n`M.E!

#=05BN!'EN!\9AN!#EN!&:;45BN!$E!KEN!\9AN!)EUfE!053!)45BN!\EUKE!.Q.,E!);>>:211945!4D!672!&^(-!

A2390623! >:4U95D80AA064:?! B252! 2@>:2119451! H?! %%K%O! 95! C79CI25! KOU,! C2881E!n!

f4;:508!4D!$59A08!)C925C2!053!&2C75484B?!.-h!,`Rn,MRE!

*182:N!\E!053!<05!)C709IN!"E!%E!.QQ`E!P260H489C!C4161!4D!H:095!19Z2!2<48;6945E!n!/9484B?!^2662:1!

.h!RRMnR`QE!

*66914>45>9105N!)EN!*180AN!)E!$EN!\70550N!&EN!$87;Z9A9N!'EN!K0<93N!$E!053!)62:5H2:BN!PE!fE!'E!

.Q,LE! "05! %:239C623! %:46295! -K! )6:;C6;:21! %:4<932! (2890H82! *519B761! 9564! =72672:!

P9112512![0:90561!$:2!K912012!$114C90623q!n!f4;:508!4D!P482C;80:!/9484B?!]-,h!.,LMn

..,.E !

f2559N!^E!053!f2559U'92:A055N!)E!,LLSE!O;28!);>>8?!053!P260H489C!"4516:09561!95!P9B:0695B!

/9:31E!n!f4;:508!4D!$<905!/9484B?!.Lh!R.,nR.SE!

f;A>2:N!fEN!'<051N!(EN!%:96Z28N!$EN!T:225N!&EN!O9B;:54<N!PEN!(4552H2:B2:N!GEN!&;5?01;<;50I448N!

\EN! /0621N! (EN! sj32IN! $EN! %460>25I4N! $EN! /:93B8053N! $EN! P2?2:N! "EN! \478N! )E! $E! $EN!

/0880:3N!$E!fEN!"4=92N!$EN!(4A2:0U%0:2321N!/EN!_9I484<N!)EN!f095N!(EN!$382:N!fEN!/0CIN!

&EN!%262:125N!)EN!(29A05N!KEN!"805C?N!'EN!i928951I9N!PEN!)62952BB2:N!PEN!%0C7481I0N!PEN!

/2:B70AA2:N!&EN!/432516295N!)EN!)98<2:N!KEN![95?081N!GEN!)2594:N!$E!FEN!\0<;IC;4B8;N!

\EN!\4789N!%E!053!#0110H91N!KE!.Q.,E!#9B78?!0CC;:062!>:46295!16:;C6;:2!>:239C6945!=967!

$8>70O483E!n!_06;:2!RL`h!RS-nRSLE!

\25523?N!'E!)EN!T:;2H2:N!"E!'EN!K;5C05N!(E!%E!053!f0A92145N!*E!TE!.Q,]E!)2<2:2!*5H:22395B!

K2>:211945!053!_4! '<9325C2!4D!%;:B95B!95!05! '@6:2A28?!*5H:23!F983!)>2C921t 672!

"70670A!*18053!/80CI!(4H95E!n!'<48;6945!`Sh!LSMnLLRE!

\:2H1N!fE!(EN!)72::?N!KE!OEN!#208?N!)E!KEN!%2::?N![E!#E!053![0CC0:954N!$E!^E!,LSLE!#9>>4C0A>08!

1>2C9089Z06945!4D!D443U164:95B!H9:31E!n!%_$)!S`h!,-SSn,-L.E !



T'_'($^!K*)"a))*G_ !

!

,`, !

\;78A05N!/E!053!/:0382?N!%E!.Q,LE!$3<05C21!95!>:46295!16:;C6;:2!>:239C6945!053!3219B5E!n!_06!

(2<!P48!"288!/948!.Qh!`S,n`LME!

^0=145N!^E!%E!053!%26:25N!\E!.Q,ME!&72!030>69<2!B254A9C!80531C0>2!4D!H20I!A4:>7484B?!95!

K0:=95c1!D95C721E!n!P482C;80:!'C484B?!.`h!]LMSn]LSLE!

^29I0;DN!TE!KEN!"45C28N![E!fEN!/295N!\EN!^9;N!%EN!/2:536N!$EN!P0:695N!&E!PEN!T05B;8?N!\EN!f05BN!

$E!)EN!/:056N!\E!$EN!K4>9C4N!(E!$EN!a>037?0?N!)EN!"0:94N!"EN!K9N!bE!%E!%EN![;B0N!^E!fEN!

\4162AN!'EN!'1I95N!'EN!b4;N!PEN!\0A951I9N!_EN!%:4=1N!KE!(EN!\54288N!KE!̂ E!053!O0H9190IN!

fE!%E!.Q,-E!O;5C694508!T254A9C!$11211A256!4D!%741B252U*53;C23!$C;62!^;5B!*5W;:?!

95!P9C2E!n!$A!f!(21>9:!"288!P48!/948!]Lh!-`Sn-S-E!

^9<2Z2?N!/E!"E!.QQ-E!'<48;6945!4D!O89B7682115211!95!(0981E!n!$A2:9C05!G:5967484B9161c!a5945E!

^4141N! fE! /EN!F0:72966N! \E! *E!053! )C74252:N!&E!FE! ,LLME!$30>69<2!39DD2:256906945!D4884=95B!

2@>2:9A25608!918053!C48459Z06945!95!$54891!89Z0:31E!n!_06;:2!-SMh!MQnM-E!

^;9I0:6N!TEN! '5B8053N!%E!(EN!&088A45N!KEN! f4:305N!)E!053!&0H2:826N!%E! .QQ-E!&72!>4=2:!053!

>:4A912!4D!>4>;806945!B254A9C1h!D:4A!B2546?>95B!64!B254A2!6?>95BE!n!_06!(2<!T2526!

]h!LS,nLL]E!

^?AH2:?N!$E!fEN!P4:952N!PEN!\05059N!#E!TEN!/2066?N!)E!fE!053!P4:B05N!KE!^E!.Q,]E!"4U95<032:1h!

&72!2DD2C61!4D!08925!>0:019621!45!5069<2!74161E!n!*562:50694508!f4;:508!D4:!%0:0196484B?h!

%0:019621!053!F98389D2!-h!,M,n,MME!

PC"088N!(E!0N!_22N!)E!053!#0:<2?N!%E!#E!,LLSE!&72!:482!4D!=95B!825B67!95!672!2<48;6945!4D!0<905!

D89B7682115211E!n!'<48;69450:?!'C484B?!,.h!R`LnRSQE!

PC^0:25N! PE! (E! 053! "0880705N! /E! fE! .Q.QE! %0674B25! :2191605C2! A0?! H2! 672! >:95C9>08!

2<48;69450:?!03<0560B2!>:4<9323!H?!672!A9C:4H94A2E!n!%798414>79C08!&:0510C69451!4D!

672!(4?08!)4C926?!/h!/9484B9C08!)C925C21!-MRh!.Q,LQRL.E!

PC_0HN!/E!\E!,LSSE!O443!70H961!053!672!H0108!:062!4D!A260H4891A!95!H9:31E!n!G2C484B90!MMh!

-]- n-]LE!



"#$%&'(!)*+ !

!

,`. !

PC_0HN!/E!\E!,LL]0E!'52:B?!"4512:<06945!053!672!'<48;6945!4D!O89B7682115211!95!/9:31E!n!&72!

$A2:9C05!_06;:08916!,]]h!`.Sn`].E !

PC_0HN!/E!\E!,LL]HE!(214;:C2!a12!053!672!);:<9<08!4D!^053!053!O:217=062:![2:62H:0621!45!

GC2059C!*180531E!n!&72!$A2:9C05!_06;:08916!,]]h!`]-n``QE!

PC_0HN!/E!.QQ.E!P959A9Z95B!252:B?!2@>25396;:2!D0C98960621!<2:62H:062!>2:191625C2!45!4C2059C!

9180531E!n!'C484B?!^2662:1!Rh!`L-nMQ]E!

P26752:N! aEN! O:9212N! $E! 053! (k182:N! aE! .Q,LE! "4A>26969<2! 2@C8;1945h! $! 6448! 64! C4AH06!

2@625323U1>2C6:;A! uU80C60A012U>:43;C95B! '1C72:9C790! C489! 16:0951! 95! C79CI251E!n!

(2120:C7!95![262:950:?!)C925C2!,.-h!,.]n,.SE!

Pe882:N! $E! %E! 053! '::96Ze2N! fE! ,LLSE! #416! 9AA;52! 32D25C2! 053! A9B:06945! 95! H9:31E!n!

'<48;69450:?!'C484B?!,.h!L]RnLR-E!

P4?82N! (E! TEN! O980:39N! "E! 'EN! )A967N! "E! 'E! 053! K90A453N! fE! .QQLE! '@>8419<2! %829164C252!

39<2:19D9C06945!053!72A91>72:9C!2@>051945!4D!0!XB:206!1>2C9064:EY!n!%_$)!,Q`h!,S`- n

,S`SE!

P;2882:N!(E!"EN!P0889BN!_EN!)A967N!fEN!'k:?N!^EN!\;4N!(E!*E!053!\:0;1N!(E!#E!)E!.Q.QE!$<905!

*AA;54A2! K/h! 05! 2@0A>82! 4D! 0! ;12:UD:92538?! 9562:D0C2! D4:! 2@6:0C695B! B25269C!

95D4:A06945E!n!/P"!/9495D4:A069C1!.,h!RQ.E!
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Appendix  C2 Table 1: Full morphological dataset, 90 rail species, missing values for: Flying=0; 
Body lenth=14, Wing length = 0; Body mass = 32; Cranial length = 41; Cranial depth = 41; Cranial 
width = 36; Sternum length = 34; Sternum depth = 34; Pelvis width = 38; Femur length = 38; Femur 
width = 38. All units in millimetres except Body mass (grams), values in black were retrieved from 
Livezey (2003) and values in blue were retrieved from Handbook of the Birds of the World 
Alive Online (del Hoyo et al. 2015) 
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Appendix C1 Table 2 : Subset of the dataset present in Appendix 1 including the 52 rails species 
with phylogenetic information (Garcia-R et al. 2014) and the 11 morphological traits with the fewest 
missing values. All units in millimetres except Body mass (grams) 
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Appendix  C2 Table 2: NCBI Access numbers used to investigate the Maximum likelihood 
phylogeny  
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!

?#2'"#33-()'<%3%() /0,$-))-*$ ! "#$%1..&*$! /0,$&((&*$ ! /0,$&'-$*$ ! /0,$-)('*$ !
?#2'"#33-()+#$#%*',(%() /0,$-))'*$ ! 3#-&.''%*$ ! /0,$&((1*$ ! /0,$&'-&*$ ! /0,$-)'$*$ !
?#2'"#33-()$'3#,5/0#%-() 3#-(1(1'*$ !

!
45,'1.&(*$ ! /0,$&'--*$ ! 3#-(1'),*$ !

?'F%,%#)$%"%B%*#) /0,$-))1*$ ! /0,$-)-1*$ ! /0,$&((.*$ ! /0,$&'-)*$ ! /0,$-)((*$ !
?'F%,%#)$-'33'"%) /0,$-))%*$ ! /0,$-)-%*$ ! /0,$&((,*$ ! /0,$&'-1*$ ! /0,$-)'.*$ !
?'F%,%#)/'*25"#3%() /0,$-))(*$ ! /0,$-)-(*$ ! /0,$&((%*$! /0,$&'-,*$ ! /0,$-)'&*$ !
1'7#*"'<)%,'/2# )

! ! ! !
"#&-%'(%*$!

I'5*"'<)'".20"5/( ) /0,$-)$$*$ ! /0,$-)1)*$ ! /0,$&(('*$ ! /0,$&'-(*$ ! /0,$-)'1*$ !
I'(5*35/'-()F55&B5"&%) /0,$-)$.*$ !

!
/0,$&('$*$ ! /0,$&'-'*$ ! /0,$-)',*$ !

6#"&%"#33-()$#*-3#2-()
!

"#$%1,%-*$!
!

/0,$&',1*$ ! /0,$-$$-*$ !
6#"&%"#33-(),%7"%*#,() /0,$-).)*$ ! /0,$-)1-*$ ! /0,$&('(*$ ! /0,$&'1%*$! /0,$-$)-*$ !
6#"&%"#33-()(#,7-%,53',2-() /0,$-).1*$ ! "#$%1,%,*$! /0,$&')-*$ ! /0,$&',&*$ ! /0,$-$$&*$!
65"/0."%5)#33',%) /0,$-)$1*$ ! /0,$-)1.*$ ! /0,$&('&*$ ! /0,$&'1.*$ ! /0,$-$))*$ !
65"/0."%5)05*0(2'22'"%) 207)$))'.*$ ! 207)$))'.*$ ! /0,$&')'*$ ! /0,$&'%-*$ ! 20)$))'. !
65"/0."%5)$#"2%,%*#) /0,$-)$'*$ ! 45,,,1.&*$ ! /0,$&('%*$ ! /0,$&'1,*$ ! /0,$-$)&*$ !
65"/0."%5)/5"/0."%5) 3#-(1(1(*$ ! "#$%1'%)*$! 45,'1.-)*$ ! /0,$&'%1*$! 3#-(1')1*$ !
65":#,#)#34%*533%() /0,$-)$(*$ ! "#$%1'%.*.! /0,$&(',*$ ! /0,$&'11*$ ! /0,$-$).*$ !
65":#,#)*#"53%,#) 3#-(1(,.*$ ! 3#-&&$-&*$! /0,$&(''*$ ! /0,$&'1(*$ ! 3#-(1')'*$ !
65":#,#)B3#=%=',2'")

!
"#$%1'%&*$!

! ! !

65":#,#)B3-$%,'#) /0,$-)$,*$ ! /0,$-)1&*$ ! /0,$&('-*$ ! /0,$&'1&*$ ! /0,$-$)%*$!
65":#,#)B-(*#) /0,$-)$%*$! "#&-.$$-*$ ! /0,$&('1*$ ! /0,$&'1-*$ ! /0,$-$)$*$ !
65":#,#)/#"=#) /0,$-)..*$ !

!
/0,$&')$*$ ! /0,$&',)*$ ! /0,$-$),*$ !

65":#,#)/#.A-33%%) /0,$-)$&*$ ! "#&-.$.(*$ ! /0,$&('.*$ ! /0,$&'1)*$ ! /0,$-)'%*$ !
65":#,#)/5":#,# ) /0,$-).&*$ ! 8#-(.11(*$ ! /0,$&').*$ ! /0,$&',$*$ !

!

65":#,#)/-(%33#) /0,$-).$*$ ! "#&-.$&.*$ ! /0,$&'))*$ ! /0,$&'1'*$ ! /0,$-$)1*$ !
65":#,#)2#4-',(%() /0,$-).,*$ !

! !
/0,$&',-*$ !

!

65":#,#)(/%35/2'"#)
!

"2()$'1.*$ !
! ! !

6(5/0%#)*"'/%2#,() 3#-(1(11*$ ! "#$%,)$(*$! 45,'1.-(*$ !
!

3#-(1'))*$ !
C#33%,#)'-"%:5,5%&'()
('/%#"%#)

207)$.$-.*$ ! 207)$.$-.*$ !
! !

20)$.$-. !
C#33%,#)B#(*%#2#) /0,$-)&)*$ !

! !
/0,$&','*$ ! /0,$-$$(*$ !

C#33%,#)2"%*535") /0,$-)&.*$ ! /0,$-)1,*$ ! /0,$&')%*$ ! /0,$&'%.*$ ! /0,$-$.)*$ !
C#33-()#G-#2%*-() /0,$-).%*$ ! 89)'%.&&*$! :+11.%($*$! /0,$&',,*$ ! /0,$-$$1*$ !
C#33-()*#'"-3'(*',( ) /0,$-).(*$ ! /0,$-)11*$ ! /0,$&')1*$ ! /0,$&',%*$ ! /0,$-$$,*$ !
C#33-()'3'7#,() /0,$-).'*$ ! 45,,,&$1*$ ! /0,$&'),*$ ! /0,$&',(*$ ! /0,$-$$%*$!
C#33-()3%$%*53#) /0,$-)&$*$ ! 89)'%.,&*$ ! 45,'1.-.*$ ! /0,$&'%)*$ ! /0,$-$$'*$ !
C#33-()35,7%"5(2"%() 3#-(1(,$*$ ! 3#-&&$,-*$ ! 45,'1.-&*$ ! /0,$&'%$*$! 3#-(1')(*$ !
J#"520"-"#)"-B#) /0,$-)&&*$ !

!
/0,$&')(*$ ! /0,$&'%&*$! /0,$-$.$*$ !

9"-()#$'"%*#,# ) /;',,&$.*$ !
!

3#-&&,%-*$!
!

45,'1.1- !
!

! !

! !
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