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Characterizing extinction debt following habitat fragmentation 
using neutral theory 
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Abstract 1!
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Introduction 1L!
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<-!<,&!80,&=&0<'5!/.#<8#'!.=-B'&$!-G!&@<80A<8-0!:&B<!#=&!/.#<8#''5!&@.'8A8<!0&%<=#'!$-:&'/!C7,#F&!g!JH!
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A-%':!=&.=&/&0<!=&#'!,#B8<#<_'-// !/A&0#=8-/!C[&=&8=#!et	al.!3I13d!7#$.-/! et	al.!3I1ME)!60#'5<8A#'!JO!

G-=$%'#/!G-=!/.&A8&/!=8A,0&//!80!/.#<8#''5!&@.'8A8<!0&%<=#'!$-:&'/!,#F&!=&A&0<'5!B&&0!:&=8F&:!G-=!KI!
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/.&A8#'!T80:/!-G!G=#?$&0<&:!,#B8<#<!'-// !C7,8/,-'$! et	al.!3I1KE2!B%<!<,&!.=-B'&$!-G!'-0?_<&=$!KM!

/.&A8&/!'-// &/!#0:!&@<80A<8-0!:&B<!80!/%A,!$-:&'/!,#/!5&<!<-!B&!<#AT'&:)!!KL!

^&=&!P&!,&'.!B=80?!A'#=8<5!<-!<,&!G=#?$&0<#<8-0j :8F&=/8<5!:&B#<&!B5!:&F&'-.80?!P,#<!#=&2!<-!-%=!KH!

T0-P'&:?&2!<,&!G8=/<!#0#'5<8A#'!/-'%<8-0/!G-=!b%#0<8G580?!'-0?_<&=$!/.&A8&/!'-//!#0:!&@<80A<8-0!:&B<!KN!

%0:&=!G=#?$&0<#<8-0!/A&0#=8-/!80!#!$&A,#08/<8A!$-:&')!Q&!%/&!<,&!/.#<8#''5!&@.'8A8<!0&%<=#'!KJ!

$-:&' 2!B%<!,8?,'8?,<!,-P!-%=!#..=-#A,!A#0!B&!?&0&=#'8c&:!<-!&0F8=-0$&0</!P8<,!$%'<8.'&!08A,&/)!KK!
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#0#'5<8A#'!?=-%0:80?!<-!<,&!'-0?_,&':!F8&P!-G!A-0/&=F#<8-0!B8-'-?8/</!<,#<!,#B8<#<!#=&#!#0:!,#B8<#<!OM!

A-00&A<8F8<5!#=&!P,#<!:=8F&!'-0?_<&=$!B8-:8F&=/8<5!.=&/&=F#<8-0)!OL!

Methods OH!

R%=!$&<,-:/!A-$.=8/&:!<,=&&!/<&./)!>8=/<2!P&!:&=8F&:!0&P!#0#'5<8A#'!G-=$%'#/!G-=!&/<8$#<80?!ON!

'-0?_<&=$!/.&A8&/!'-//!80!G=#?$&0<&:!'#0:/A#.&/ !%0:&=!#!$&A,#08/<8A!0&%<=#'!$-:&')!"&A-0:2!P&!OJ!

F&=8G8&:!-%=!G-=$%'#/!B5!A-$.#=80?!<,&8=!.=&:8A<8-0/!<-!80:8F8:%#'_B#/&:!0&%<=#'!/8$%'#<8-0/!-0 !OK!



!

J!

G=#?$&0<&:!'#0:/A#.&/ !80A'%:80?!=&#'!'#0:/A#.&/!G=-$!/#<&''8<&!:#<#!#0:!/50<,&<8A!'#0:/A#.&/!OO!

?&0&=#<&:!#'?-=8<,$8A#''5)!+,8=:2!P&!%/&:!<,&!G-=$%'#/ !<-!?&<!0&P!A-0A&.<%#'!80/8?,</!#B-%<!<,&!1II !

?&0&=#'!=&'#<8-0/,8.!-G!&@<80A<8-0!:&B<!<-!'#0:/A#.&!#0:!<#@#)!1I1 !

Spatially explicit neutral models 1I3 !

R%=!$-:&'!?&0&=#<&/!/.#<8#''5!&@.'8A8<!0&%<=#'!A-$$%08<8&/!80!#!$#00&=!B=-#:'5!/8$8'#=!<-!<,&!1IM!

/8$%'#<8-0/!%/&:!80!4-/80:&''!g!7-=0&''!C3IIJE)!( F&=5!<8$&!/<&.2!#0!80:8F8:%#'!8/!T8''&:!#0:!<,&!1IL !

=&.'#A&$&0<!8/!A,-/&0!G=-$!<,&!.=-.#?%'&/!'#0:80?!#<!<,&!0&P'5!F#A#<&:!A&'')!(#A,!80:8F8:%#'!1IH!

=#80/!.=-.#?%'&/!-0<-!<,&!/%==-%0:80?!'#0:/A#.&!80!#!=#:8#''5!/5$$&<=8A!.#<<&=0!#AA-=:80?!<-!#!1IN!

:8/.&=/#'!T&=0&')!Q8<,!/-$&!/$#''!.=-B#B8'8<5!! 2!<,&!80:8F8:%#'!$%<#<&/!80<-!#!0&P!/.&A8&/!1IJ !

C/.&A8#<8-0E)!(F&0<%#''52!#!:50#$8A!&b%8'8B=8%$!B&<P&&0!/.&A8#<8-02!8$$8?=#<8-0!#0:!&@<80A<8-0!8/!1IK!

=&#A,&:!#<!<,&!'#0:/A#.&!/A#'&)![ =&:8A<8-0/!G=-$!<,&/&!$-:&'/!#=&!=-B%/<!<-!A,#0?&/!80!<,&!1IO!

:8/.&=/#'!T&=0&'!C4-/80:&''!g!7-=0&''!3IIJ2!3IIOE!#0:!A-80A8:&!P8<,!<,-/&!-G!<,&!0-0_/.#<8#'!$-:&'!11I !

#<!'#=?&!/A#'&/!C4-/80:&''!g!7-=0&''!3I1ME)!!7-#'&/A&0A&!$&<,-:/!&0#B'&!&GG8A8&0<!/8$%'#<8-0/!-0!#!111!

/%B/&<!-G!80:8F8:%#'/!P8<,80!&GG&A<8F&'5!80G808<&!'#0:/A#.&/ !C4-/80:&''!et	al.!3IIKE)!+,&5!P-=T!B5!113!

.=-?=&//80?!B#ATP#=:/!80!<8$&2!<=#AT80?!-0'5!<,&!#0A&/<-=/!<-!.=&/&0<_:#5!80:8F8:%#'/!-G!80<&=&/<)!11M!

Q&!<=#AT&:!<,&!/.&A8&/!=8A,0&//!P8<,80!#!/80?'&!<8'&!C#!`G-A#'!=&?8-0aE!-G!#0!80G808<&!'#0:/A#.&!11L!

A-0/<=%A<&:!B5!<8'80?!#!?8F&0!'#0:/A#.&!/<=%A<%=&)!"8$%'#<8-0/!P&=&!8$.'&$&0<&:!80!7pp!#0:!11H!

[5<,-0!%/80?!<,&!.5A-#'&/A&0A&!.#AT#?&!C#F#8'#B'&!-0!B8<B%AT&<U!11N!

,<<./UVVB8<B%AT&<)-=?V<,-$./-0/&:V.5A-#'&/A&0A&E) 11J!

!11K!



!

K!

Analytical approach 11O!

Q&!/-%?,<!<-!:&=8F&!#0#'5<8A#'!G-=$%'#/!G-=!'-0?_<&=$!/.&A8&/!'-//!G-''-P80?!,#B8<#<!'-// !80!#!13I !

/.#<8#''5!&@.'8A8<!0&%<=#'!$-:&' )!S0!A-0<=#/<!<-!7,8/,-'$! et	al.	C3I1KE2!P,-!/<%:8&:!#!/8$8'#=!/5/<&$!131!

#0: !G-A%/&:!-0!/.&A8&/!'-//!8$$&:8#<&'5!G-''-P80?!,#B8<#<!A'&#=80?2!P&!G-A%/&:!-0!<,&!'-0?_<&=$!133!

-%<A-$&)!Q&!%/&:!#!$&<,-:! A-$$-0!80! .,5/8A/!P,&=&B5!#!A-$.'&@!/5/<&$!A#0!B&!=&_P=8<<&0!80!13M!

<&=$/!-G!#!=&:%A&:!0%$B&=!-G!.#=#$&<&=/)!+,&!#..=-#A, !80F-'F&/!:&<&=$8080?!A-$B80#<8-0/!-G!13L!

.#=#$&<&=/!<,#<!#=&!A-:&.&0:&0<2!$&#080?!<,&!G%''!/-'%<8-0!G-=!<,&!/5/<&$!A#0!%'<8$#<&'5!B&!13H!

=&:%A&:!<-!/8$.'&=2!#0#'5<8A#''5!<=#A<#B'&!A#/&/!C#/!80!4-/80:&''!g!7-=0&''!3IIJd!7,8/,-'$! et	al.!13N!

3I1KE)!"%A,!#..=-#A,&/ !#=&!<5.8A#''5!:&F&'-.&:!B5!&@#$80#<8-0!-G!/8$%'#<8-0!=&/%'</2!,&%=8/<8A!13J!

#=?%$&0</!#0:!80/.8=&:!?%&//P-=Td!<,&5!#=&!'#<&=!F&=8G8&:!B5!&@<&0/8F&!/8$%'#<8-0)!!13K!

S0!<,&!/<#0:#=:!/.#<8#''5!&@.'8A8<!0&%<=#'!$-:&'!%/80?!?#%//8#0!:8/.&=/#'!#0:!.-80<!$%<#<8-02!13O!

/ .&A8&/!=8A,0&//!80!#!:&G80&:!=&?8-0!-G!#!A-0<8?%-%/2!80G808<&!'#0:/A#.&!=&#A,&/!#!:50#$8A!1MI!

&b%8'8B=8%$!B&<P&&0!/.&A8#<8-02!8$$8?=#<8-02!#0:!&@<80A<8-0!#0:!A#0!B&!:&/A=8B&:!B5!#!<P-_1M1!

.#=#$&<&=!G%0A<8-0!T0-P0!#/!<,&!`[=&/<-0!G%0A<8-0a!! !C7,8/,-'$! et	al.!3I1Kd!Re*P5&=!g!7-=0&''!1M3!

3I1Kd!6..&0:8@!1E)!>-''-P80?!#!<=#:8<8-0!-G!0#$80?!/.&A8#'!G%0A<8-0/!80!$#<,&$#<8A/2!<,&![=&/<-0!1MM!

G%0A<8-0!P#/!0#$&:!C7,8/,-'$! et	al.!3I1KE!<-!,8?,'8?,<!8</!8$.-=<#0A&!#0:!<-!#B/<=#A<!#P#5!<,&!1ML!

A-$.'8A#<&:!#0#'5<8A#'!/-'%<8-0!CRe*P5&=!g!7-=0&''!3I1KE)!".&A8G8A#''52!<,&!/.&A8&/!=8A,0&//! -G!#!1MH!

:8/A_/,#.&: !G-A#'!#=&#2!/&<!P8<,80!#0!80G808<&!A-0<8?%-%/!0&%<=#'!'#0:/A#.&2!A#0!B&!#..=-@8$#<&:!1MN!

#/!1MJ!

𝑆!"#$%& ! !!𝜈! ! ! ∼ ! ! Ψ
𝐴!

𝜎! !𝜈 !

C1E!1MK!



!

O!

P,&=&!! !8/!<,&!.-80<!/.&A8#<8-0!=#<&2!! !!8/!#!$&#/%=&!-G!:8/.&=/#'!#B8'8<5!C<,&!F#=8#0A&!-G!#!1MO!

B8F#=8#<&!0-=$#'!:8/.&=/#'!T&=0&'E!#0:!! ! !8/!<,&!0%$B&=!-G!80:8F8:%#'!-=?#08/$/!80!<,&!G-A#'!#=&#!1LI !

CRe*P5&=!g!7-=0&''!3I1KE)!7,8/,-'$! et	al.	C3I1KE!&@<&0:&:!<,8/!=&/%'<!<-!.=-:%A&!&b%#<8-0/!?8F80?!1L1!

%..&=!#0:!'-P&=!B-%0:/!-0!/.&A8&/!'-//!8$$&:8#<&'5!#G<&=!,#B8<#<!'-// )!Q&!A#'A%'#<&: !&@<80A<8-0!1L3!

:&B<!80!<,&!/#$&!$-:&'! B5!:&=8F80?!<,&!'-0?_<&=$!/.&A8&/!=8A,0&//!G-''-P80?!,#B8<#<!'-//!#0:!1LM!

<#T80?!<,&!:8GG&=&0A&!B&<P&&0!<,8/!#0:!<,&!/.&A8&/!=8A,0&//!8$$&:8#<&'5!#G<&=!,#B8<#<!'-//)!+-!1LL!

:8/<80?%8/,!-%=!=&/%'</!G=-$!.=&F8-%/'5!:&=8F&:!G-=$%'#/!G-=!! !<,&!/.&A8&/!=8A,0&//!8$$&:8#<&'5!1LH!

G-''-P80?!,#B8<#<!'-//2!P&!:&F&'-.&: !#!,#<!0-<#<8-0!𝑆!<-!80:8A#<&!'-0?_<&=$!/.&A8&/!=8A,0&//!#<!1LN!

&b%8'8B=8%$!G-''-P80?!,#B8<#<!'-// )!Q,8'/<!B-<,!! !#0:!! !#=&!&@.=&//&:!80!<&=$/!-G![=&/<-0!1LJ!

G%0A<8-0/2!<,&8=!$#<,&$#<8A#'!G-=$/!#0:!B8-'-?8A#'!$&#080?/!#=&!F&=5!:8GG&=&0<)!(/<8$#<80?!! !8/!#!1LK!

=&'#<8F&'5!/8$.'&!/.#<8#'!/#$.'80?!.=-B'&$d!&/<8$#<80?!'-0?_<&=$!/.&A8&/!=8A,0&//!S!80F-'F&/!1LO!

A-$$%08<5!:50#$8A/!-0!<,&!G=#?$&0<&:!'#0:/A#.&)!1HI!

!1H1!

Landscape generation 1H3!

S0!-=:&=!<-!F&=8G5!-%=!#0#'5<8A#'!=&/%'</2!P&!.&=G-=$&:!/8$%'#<8-0/!-0!#!P8:&!F#=8&<5!-G!̀ /50<,&<8Aa!1HM!

#0:!` =&#'a!'#0:/A#.&/ )!+P-!.#=#$&<&=/!:&G80&: !<,&!'#0:/A#.&/ U!! 2!<,&!.&=A&0<#?&!-G!,#B8<#<!1HL!

A-F&=!#G<&=!'-//d!#0:!! !"#2!<,&!$#@8$%$!.-//8B'&!`&GG&A<8F&!#=&#a!80!<,&!'#0:/A#.&!P8<,!1IIo!1HH!

,#B8<#<!A-F&=2!P,&=&!P&!:&G80&!&GG&A<8F&!#=&#!#/!<,&!0%$B&=!-G!80:8F8:%#'!-=?#08/$/!.=&/&0<!80!#!1HN!

G-A#'!'#0:/A#.&)!+,&!&GG&A<8F&!#=&#!#G<&=!,#B8<#<!'-//!8/!?8F&0!B5!! ! = ℎ ∙ 𝐴!"#)!Q&!%/&:!! !"#!1HJ!

F#'%&/!-G!50!! !"" !!#0:!!""" !2!#0:!ℎ!F#'%&/!-G!10, 20!-= !"# !58&':80?!080&!F#'%&/!-G!! !)!6''!1HK!



!
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,#B8<#<!.8@&'/!P8<,80!-%=!'#0:/A#.&/!,#: !&b%#'!F#'%&!<-!-=?#08/$/2!#0:!#''!0-0_,#B8<#<!.8@&'/!,#:!1HO!

c&=-!F#'%&)!1NI!

R%=!/50<,&<8A!'#0:/A#.&/!A-$.=8/&:!<P-!<5.&/U!̀=#0:-$a! C>8?)!1#E!#0:!` A'%/<&=&:a!C>8?)!1BE)!1N1!

4#0:-$!'#0:/A#.&/ !P&=&!.=-:%A&:!G=-$!#!'#0:/A#.&!P8<,!1IIo!,#B8<#<!B5!=#0:-$'5!=&$-F80?!1N3!

.8@&'/!%0<8'!<,&!:&/8=&:!,#B8<#<!A-F&=!P#/!#A,8&F&:)!+&0!=#0:-$!'#0:/A#.&/!P&=&!?&0&=#<&:!G-=!1NM!

&#A,!F#'%&!-G!'#0:/A#.&!/8c&!𝐴!"# !#0:!.&=A&0<!A-F&=!! 2!?8F80?!#!<-<#'!-G!OI!$#./)!7'%/<&=&:!1NL!

'#0:/A#.&/!A-0/8/<&:!-G!&F&0'5!/.#A&:!:8/A_/,#.&: !A'%/<&=/!-G!,#B8<#<!#0:!,#:!-0&! #::8<8-0#'!1NH!

.#=#$&<&=U!<,&!0%$B&=!-G!G=#?$&0</!! )!7'%/<&=&:!'#0:/A#.&/!P&=&!.=-:%A&:!G-=!! ! 2!!P,&=&!1NN!

𝑖 =#0?&/!G=-$!I!C#!/80?'&!'#=?&!G=#?$&0<E!<-!!"# ! ! !!C&F&=5!80:8F8:%#'!#0!8/-'#<&:!.#<A,E)!1NJ!

R%=!=&#'!'#0:/A#.&/!C>8?)!1AE!A#$&!G=-$!/#<&''8<&!$#./!-G!"-%<,!6$&=8A#0!G-=&/<!A-F&=!C^#0/&0!et	1NK!

al.!3I1ME)!R%=!$-:&'/!-0!<,&/&!$#./! #=&!0-<!80<&0:&:!<-!=&.=&/&0<!6$#c-0! <=&&!A-$$%08<5!1NO!

:50#$8A/!/.&A8G8A#''5d!<,&!$#./!.=-F8:&!#!/&'&A<8-0!-G!=&#'8/<8A!'#0:/A#.&!.#<<&=0/!G-=!<&/<80?!-%=!1JI !

G-=$%'#/)!>-=!&#A,!F#'%&!-G!! 2!=&?8-0/!P8<,!,#B8<#<!A-F&=!P8<,80!1o!-G!ℎ!P&=&!8:&0<8G8&:!#0:!.8@&'/!1J1!

#::&:! <-!-=!=&$-F&:!G=-$!,#B8<#<!B-%0:#=8&/!<-!.=-:%A&!$#./!<,#<!,#:!&@#A<'5!<,&!:&/8=&:!1J3!

,#B8<#<!A-F&=!CB%<!/<8''!A'-/&'5!=&/&$B'&:!=&#'!'#0:/A#.&/E)!>-=!! !"# = 5000! !<,&=&!P&=&!1JM!

80/%GG8A8&0<!=&?8-0/!P8<,!,#B8<#<!#=&#/!P8<,80!1o!-G!<,&!<#=?&<!.#=#$&<&=!F#'%&/!/-!80/<&#:!-0&!1JL!

,%0:=&:!=#0:-$'5!A,-/&0! =&#'!$#./!&#A,!-G!/8c&!! !"# = 500!!P&=&!<8'&:!<-!A=&#<&!<,&/&!1JH!

'#0:/A#.&/)!1JN!

Empirical example 1JJ!

+-!.=-F8:&!&@#$.'&/!-G!,-P!-%=!$&<,-:/!A#0!B&!#..'8&:2!P&!#'/-! &/<8$#<&:!#A<%#'!&@<80A<8-0!1JK!

:&B<!G-=!<=-.8A#'!<=&&/!80!G8F&!/.&A8G8A!=&?8-0/!-G!<,&!6$#c-0)!+,&!G-=&/<!A-F&=!/#<&''8<&!$#./!G=-$!1JO!
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^#0/&0!et	al.!C3I1ME!.=-F8:&:!<,&!/.#<8#'!#==#0?&$&0<!-G!<=&&/!P8<,80!&#A,!=&?8-0)!+,&!G8F&!/8<&/!1KI!

&@.&=8&0A&:!/8?08G8A#0<!:&G-=&/<#<8-0!80!<,&!'#/<!<P&0<5!5&#=/!#0:!P&=&!A,-/&0!P8<,!=&'#<8F&'5!1K1!

/8$8'#=!.#<<&=0/!-G!G=#?$&0<#<8-0!#A=-//!#!'#=?&!#=&#!/%==-%0:80?!<,&!G-A#'!'#0:/A#.&)!+,&!$-:&'!1K3!

.#=#$&<&=/!P&=&!<#T&0!G=-$!<,&!<=-.8A#'!G-=&/<!'8<&=#<%=&!C7-0:8<!et	al.!3I13EU!#!:&0/8<5!-G!I)IH13!1KM!

80:8F8:%#'!#:%'<!<=&&/!.&=!m!2!#!:8/.&=/#'!.#=#$&<&=!-G!! = 8.5!C#..=-@8$#<&'5!LI)3!$E!#0:!#!1KL!

/ .&A8#<8-0!=#<&!-G!𝜈 = 6! 10!! .!1KH!

Results 1KN!

Analytical solutions for long-term species richness in simple 1KJ!

landscapes 1KK!

>80:80?!#!?&0&=#'!#0#'5<8A#'!/-'%<8-0!G=-$!-%=!0&%<=#'!$-:&'/!G-=!'-0?_<&=$!C&b%8'8B=8%$E!/.&A8&/!1KO!

=8A,0&//2!! 2!-G!<,&!G-A#'!=&?8-0!P8<,80!#0!80G808<&!'#0:/A#.&!! !=&b%8=&/!%0:&=/<#0:80?!P,8A,!1OI!

G&#<%=&/!-G!𝑳!#=&!$-/<!8$.-=<#0<!G-=!&A-'-?8A#'!.=-A&//&/)!S0!<,&!/.&A8#'!A#/&!-G!#!A-0<8?%-%/!1O1!

'#0:/A#.&!𝑳!"#$%&!P8<,!1IIo!,#B8<#<!A-F&=2!0-!,#B8<#<!,#/!B&&0!'-/<!#0: !! ! ! ! !"#)!+,&!'-0?_1O3!

<&=$!&b%8'8B=8%$!/.&A8&/!=8A,0&//!8/!<,&=&G-=&!&b%#'!<-!<,&!-=8?80#'!/.&A8&/!=8A,0&//U!1OM!

𝑆 𝐋!"#$%&!𝜈,𝜎 ! = 𝑆!"#$%& ! !"# , ! ,𝜎 ! = !𝑆!"#$%& ! !"# !𝜈,𝜎! ! 𝜎 ! Ψ
𝐴!"#

! !
, 𝜈 !

C3E!1OL!

4#0:-$ '5!G=#?$&0<&:!'#0:/A#.&/!=&.=&/&0<!#0-<,&=!/.&A8#'!A#/&U!,&=&!, #B8<#<!A&''/!#=&!%08G-=$'5!1OH!

:8/<=8B%<&:!80!/.#A&2!h%/<!'8T&!<,&!A-0<8?%-%/!A#/&2!-0'5!0-P!<,&5!#=&!=#0:-$'5!$8@&:!P8<,!0-0_1ON!

,#B8<#<!A&''/!<,#<!A#00-<!B&!-AA%.8&:)!+,&!#F&=#?&!:8/<#0A&!B&<P&&0!#:h#A&0<!,#B8<#<!A&''/!8/!1OJ!
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!!"#
!!

!A&''!P8:<,/!80/<&#:!-G!-0&!A&''!P8:<,!80!<,&!A-0<8?%-%/!A#/&)!6!,&%=8/<8A!/-'%<8-0!<-!'-0?_1OK!

<&=$!/.&A8&/!=8A,0&//!A#0!B&!-B<#80&:!#/!G-''-P/U!8G!P&!8$#?80&!A-$.=&// 80?!<,&!/.#A&/!B&<P&&0!1OO!

,#B8<#<!A&''/!B5!
! !

!!"#
!#0:!=&:%A80?!<,&!:8/.&=/#'!:8/<#0A&!𝜎!B5!<,&!/#$&!G#A<-=2!<,&!A-$$%08<5!3II !

:50#$8A/!-G!<,&!/5/<&$!P-%':!B&!%0A,#0?&:2!B%<!0-P!<,&!,#B8<#<!A&''/!P-%':!B&!A-0<8?%-%/!80!3I1 !

/.#A&)!>-=!<,&!=#0:-$'5!G=#?$&0<&:!'#0:/A#.&!𝑳!"#$%&2!<,&!&b%8'8B=8%$!'-0?_<&=$!:8F&=/8<5!3I3 !

𝑆!"#$%&!A#0!<,%/!B&!A#'A%'#<&:!80!<&=$/!-G![=&/<-0!G%0A<8-0/!B5!/%B/<8<%<80? !!
!!"!

𝜎!G-=!𝜎!80!( b)!3IM!

C3EU!3IL !

𝑆 ! !"#$%& !𝜈! ! ! = ! !"#$%& ! !"# ,𝐴!!𝜈, ! ! = ! !"#$%& ! ! , 𝜈,
!!

!!"#
𝜎! ∼  !!

!!"#
! !Ψ ! !"#

!!
, 𝜈 !!3IH!

CME!3IN!

Q&!F&=8G8&:!<,8/!=&/%'<!0%$&=8A#''5!C6..&0:8@!MEd!<,&!$&#0!.&=A&0<#?&!&==-=!Cf[(E!P#/!'&//!<,#0!3IJ !

Lo!#0:!A#0!B&!#<<=8B%<&:!<-!<,&!&==-=!80,&=&0<!<-!<,&!A%==&0<!$&<,-:/!G-=!&F#'%#<80?!<,&![=&/<-0!3IK!

G%0A<8-0!8</&'G!CRe*P5&=!g!7-=0&''!3I1KE)!!3IO!

Analytical solutions for complex landscapes: incorporating 31I !

effective connectivity 311!

Q&!,#F&!<,%/!G#=!A-0/8:&=&:!<,&!8:&#'8c&:!A-0<8?%-%/!#0:!=#0:-$!,#B8<#<!.#<<&=0/2!B%<!$-/<!313!

'#0:/A#.&/!&@,8B8<!/-$&!80<&=$&:8#<&!G=#?$&0<&:!/.#<8#'!/<=%A<%=&!C>8?)!1E!<,#<!8/!:&/A=8B&:!B5!31M!

0&8<,&=!-G!<,&!&@<=&$&!A#/&/!A-==&/.-0:80?!<-!(b / )!C3E!#0: !CME!C6..&0:8@!ME)!+,&=&!8/!0-!/80?'&!31L!

$&<=8A!<,#<!&0<8=&'5!A#.<%=&/!G=#?$&0<#<8-02!-=!&F&0!#0!#?=&&$&0<!#$-0?!&A-'-?8/</!-0!<,&!/<=8A<!31H!



!

1M!

:&G808<8-0!-G!G=#?$&0<#<8-0)!R%=!/<=#<&?5!,&=&!8/!<-!/8:&_/<&.!<,8/!:&G808<8-0#'!8//%&!#0:!80/<&#:!31N!

80<=-:%A&!$&<=8A/!-G!<,&!'#0:/A#.&!<,#<!#=&!$&A,#08/<8A#''5!8$.-=<#0<!G-=!/.&A8&/!:8F&=/8<5)!!31J!

Q&!A-0h&A<%=&:!<,#<!#!G=%8<G%'!#..=-#A,!G-=!:&F&'-.80?!G=#?$&0<#<8-0!$&<=8A/!=&'&F#0<!<-!31K!

B8-:8F&=/8<5!P-%':!B&!<-!A-0/8:&=!G=#?$&0<#<8-0!G=-$!<,&!.&=/.&A<8F&!-G!#!:8/.&=/80?!-=?#08/$)!31O!

*%&!<-!<,&!/,#.&!-G!#!G=#?$&0<&:!,#B8<#<2!<,&!&GG&A<8F&!:8/.&=/#'i <,&!#A<%#'!$-F&$&0<!#A=-//!#!33I !

G=#?$&0<&:!'#0:/A#.&i $#5!:8GG&=!A-0/8:&=#B'5!G=-$!<,&!80<=80/8A!:8/.&=/#'i <,&!&@.&A<&:!331!

$-F&$&0<!-G!<,&!/#$&!<#@#!-0!#!A-0<8?%-%/!'#0:/A#.&)!Q&!:&F&'-.&:!#0 !̀ &GG&A<8F&!:8/.&=/#'a!333!

$&<=8A!𝜎!2!P,8A,!8/!A#'A%'#<&:!#'?-=8<,$8A#''5!B5!/&b%&0<8#''5!#..'580?!! !:8/.&=/#'!&F&0</!#0:!33M!

=&A-=:80?!<,&!<-<#'!:8/<#0A&!B&<P&&0!<,&!-F&=#''!/<#=<!#0:!&0:!.-80</)!X5!=&.&#<80?!<,&!.=-A&//!33L!

/<#=<80?!G=-$!:8GG&=&0<!,#B8<#<!A&''/2!P&!?&0&=#<&:!<,&!$&#0!:8/<#0A&!𝜇! !<=#F&''&:!-F&=!𝑛!33H!

?&0&=#<8-0/!G-=!<,&!'#0:/A#.&)!4&'#<80?!<,8/!:8/<#0A&!B#AT!<-!#!.&=_?&0&=#<8-0!&b%8F#'&0<!?8F&/!33N!

-%=!&GG&A<8F&!:8/.&=/#'!.#=#$&<&=!! !! ! ! !
!  ∙ !

!"
!C6..&0:8@!3E)!>-=!! > ! !<,8/!$&<=8A!#::/!P&8?,<!<-!33J!

<,&!A-00&A<8F8<5!80!A=8<8A#'!=&?8-0/!<,=-%?,!P,8A,!$#05!'80&#?&/!.#//!-F&=!'-0?&=!<8$&!/A#'&/)!S0!33K!

-%=!A#'A%'#<8-0/!P&!%/&:!𝑛 = 1/! 2!<,&!&@.&A<&:!/.&A8&/e!'8G&<8$&)!+,8/!$&#0/!<,#<!<,&!'#0:/A#.&!33O!

/<=%A<%=&!/%==-%0:80?!<,&!G-A#'!#=&#!,#/!80G'%&0A&!?=-P80?!P&#T&=!P8<,!:8/<#0A&2!B%<!:&A#580?!<-!3MI!

c&=-!-0'5!-0!.#//80?!<,&!=#0?&!B-%0:#=5!-G!#0!#F&=#?&!/.&A8&/!.=&/&0<!80!<,&!G-A#'!=&?8-0)!S0!3M1!

$-/<!A#/&/!<,&!&/<8$#<&!-G!! !!A-0F&=?&:!G-=!$%A,!'-P&=!F#'%&/!-G!𝑛 ≈ 1000)!3M3!

Q&!<,&0!:&G80&: !#0-<,&=!0-F&'!$&<=8A!<,#<!P&!A#''!̀&GG&A<8F&!A-00&A<8F8<5a!! !2!P,8A,!A-$B80&/!3MM!

<,&!.=-.-=<8-0#'!,#B8<#<!A-F&=#?&!P8<,!&GG&A<8F&!:8/.&=/#')!+,8/!$#T&/!-%=!$&<=8A!#!G%0A<8-0!-G!3ML!

B-<,!,#B8<#<!A-0G8?%=#<8-0!#0:!.=-.&=<8&/!-G!<,&!<#@#!-G!80<&=&/<2!:8/<80?%8/,80?!8</&'G!G=-$!-<,&=!3MH!

'#0:/A#.&!$&<=8A/!<,#<!/<#<8A#''5!A#.<%=&!,#B8<#<!A-0G8?%=#<8-0!-0'5)!Q&!:&G80&!&GG&A<8F&!3MN!

A-00&A<8F8<5!G-=!#!/80?'&!A&''!80!<&=$/!-G!8</!/b%#=&:!F#'%&2!P,8A,!8/!<,&!/b%#=&:!$&#0!:8/<#0A&!3MJ!



!

1L!

<=#F&''&:!.&=!?&0&=#<8-0!G-=!'80&#?&/!/<#=<80?!G=-$!<,#<!A&''2!8G!<,&!A&''!8/!,#B8<#<2!-=!c&=-2!8G!<,&!A&''!3MK!

8/!0-<!,#B8<#<!C8)&)2!8<!A-0<#80/ !0-!80:8F8:%#'/E)!6F&=#?80?!-F&=!#''!A&''/!?8F&/!<,&!&GG&A<8F&!3MO!

A-00&A<8F8<5!-G!<,&!P,-'&!'#0:/A#.&U!3LI !

𝑐!
! = ℎ ∙ ! !

! !

CLE!3L1!

P,&=&!ℎ!8/!<,&!.=-.-=<8-0!-G!,#B8<#<!A-F&=!C! = ! !

!!"#
!E!#0:!𝜎! !8/!<,&!&GG&A<8F&!:8/.&=/#'2!#/!:&G80&:!3L3!

#B-F&)!3LM!

Q&!G-%0:!<,#<!<,&!A#'A%'#<8-0!G-=!&GG&A<8F&!A-00&A<8F8<5!A#0!B&!.&=G-=$&:!P8<,!=&#/-0#B'&!3LL!

#AA%=#A5!80!&b%8F#'&0<!A-$.%<#<8-0#'!<8$&!<-!-<,&=!'#0:/A#.&!$&<=8A/!/%A,!#/!#F&=#?&!.#<A,!/8c&!3LH!

#0:!&:?&_<-_#=&#!=#<8-!C/&&!^&//&'B#=<,!et	al.!3I1OE)!Q&!%/&:!,&%=8/<8A!#=?%$&0</!80F-'F80?!<,&!3LN!

&GG&A<8F&!A-00&A<8F8<5!$&<=8A!<-!:&F&'-.!<,&!G-''-P80?!#0/#<c!G-=!&b%8'8B=8%$!/.&A8&/!=8A,0&//!80!#!3LJ!

0&%<=#'!$-:&'!-0!#!G=#?$&0<&:!'#0:/A#.&U!3LK!

𝑆 𝐋! ! ,𝜎! ! ! !"#$%& 𝐴!!𝜈, 𝑐!! ! 𝑐!! Ψ
𝐴!

𝑐!!
!𝜈 !

CHE!3LO!

+,&!$-<8F#<8-0!G-=!<,8/!G-=$%'#!A-$&/!G=-$!<,&!80<%8<8-0!<,#<!#!?&0&=8A!'#0:/A#.&!?8F&/!<,&!/#$&!3HI!

'-0?_<&=$!=&/%'<!#/!#!A-0<8?%-%/!'#0:/A#.&!P8<,!#%?$&0<&:!:8/.&=/#'!<-!#AA-%0<!G-=!<,&!A,#0?&!80!3H1!

A-00&A<8F8<5)!6/!&@.&A<&:2!(b)!CHE!=&:%A&/!<-!(b)!C3E!80!<,&!/.&A8#'!A#/&!<,#<!<,&!'#0:/A#.&!8/!3H3!

A-0<8?%-%/!#0:!<-!(b)!CME!80!<,&!/.&A8#'!A#/&!<,#<!<,&!'#0:/A#.&!8/!=#0:-$'5!G=#?$&0<&:)!3HM!



!

1H!

Verifying analytical results 3HL!

Q&!A-0G8=$&:!B5!/8$%'#<8-0!<,#<!-%=!0&P!?&0&=#'!/-'%<8-0!G-=!'-0?_<&=$!/.&A8&/!=8A,0&//!C(b)!CHEE!3HH!

#AA%=#<&'5!$#<A,&/!/8$%'#<&:!/.&A8&/!=8A,0&//!F#'%&/!C6..&0:8@!M!>8?)!"ME)!+,&!#0#'5<8A#'!F#'%&/!3HN!

,#F&!%0:&=!1Io!f[(! #A=-//!'#0:/A#.&!<5.&/ !CK)1o2!O)1o!#0:!L)3o!G-=!=&#'2!A'%/<&=&:!#0:!=#0:-$!3HJ!

'#0:/A#.&/2!=&/.&A<8F&'5E!P,&0!A-$.#=&:!#?#80/<!/8$%'#<&:!F#'%&/)!+,&!.-P&=!-G!-%=!#..=-#A,!3HK!

A#0!B&!/&&0!B5!=&#==#0?80?!(b)!CHE!<-!?8F&!3HO!

1
! !
! ! 𝐋!𝜈!𝜎! ! Ψ

! !

𝑐!
! ! ! !

CNE!3NI!

(b)!CNE!.=&:8A</ !<,#<!.'-<<80?!/.&A8&/!=8A,0&//!#0:!&GG&A<8F&!#=&#!B-<,!=&/A#'&:!B5!&GG&A<8F&!3N1!

A-00&A<8F8<5!C8)&)2!!
!

! !
! !F&=/%/!

! !

! !
!E!/,-%':!A#%/&!<,&!"64/ !G-=!#''!G=#?$&0<&:!'#0:/A#.&/!<-!A-''#./&!-0!3N3!

<-!-0&!A%=F&)!Q&!F&=8G8&:!<,8/!P#/!<=%&!G-=!#''!-%=!/8$%'#<&:!:#<#!C>8?)!3BE!:&/.8<&!<,&!,%?&!3NM!

F#=8#B8'8<5!:8/.'#5&:!B5!<,&!%0/A#'&:!"64/ !C>8?)!3#E)!+, 8/!/A#'80?!A-''#./&!F&=8G8&/!<,#<!P&!A#0!3NL!

&/<8$#<&!/.&A8&/!'-//!B5!A#'A%'#<80?!h%/<!<P-!.#=#$&<&=/!G=-$!-%=!G=#?$&0<&:!'#0:/A#.&!3NH!

C&GG&A<8F&!#=&#!! ! !#0: !&GG&A<8F&!A-00&A<8F8<5!𝑐!E!#0:!.'%??80?!<,&!0%$B&=/!80<-!-%=!(b)!CHE)!*-80?!3NN!

/-! .=-:%A&: !0-<&P-=<,5!&==-=/!-0'5!G-=!#!/$#''!0%$B&=!-G!/.&A8#'!A#/&/!A-==&/.-0:80?!<-!3NJ!

A'%/<&=&:!'#0:/A#.&/!P8<,!&@<=&$&'5!'-P!&GG&A<8F&!A-00&A<8F8<5!:%&!<-!<,&!.=&/&0A&!-G!,8?,'5!3NK!

8/-'#<&:!,#B8<#<!q8/'#0:/ e)!R0!/%A,!'#0:/A#.&/2!<,&!/8$%'#<&:!'-0?_<&=$!=8A,0&//!P#/!=&'#<8F&'5!3NO!

,8?,!B&A#%/&!-G!&0:&$8/$!- 0!<,&!q8/'#0:/e2!B%<!<,&!/A#'80?!%/&:!<-!.=-:%A&!(b)!CHE!A#00-<!#AA-%0<!3JI !

G-=!/%A,!&0:&$8A/!#0:!<,%/!%0:&=&/<8$#<&/!/.&A8&/!=8A,0&//!C/&&!6..&0:8@!ME)!!3J1!



!

1N!

Extinction debt 3J3!

Q&!#..'8&:!-%=!0&P!#0#'5<8A#'!$&<,-:/!<-!<,&!.=-B'&$!-G!&/<8$#<80?!&@<80A<8-0!:&B<!80!3JM!

G=#?$&0<&:!'#0:/A#.&/)!+,&!%..&=!#0:!'-P&=!B-%0:/!-0 !/.&A8&/!=8A,0&//!8$$&:8#<&'5!#G<&=!3JL!

,#B8<#<!'-//2!G-=!?8F&0!F#'%&/!-G!<,&!G=#?$&0<#<8-0_80:&.&0:&0<!.#=#$&<&=/!C𝐴!2!𝐴!"# !#0:!𝜎E2!#=&!3JH!

?8F&0!B5!G-=$%'#/!80!7,8/,-'$! et	al.!C3I1KE)!R%=!0&P!=&/%'</!.=-F8:&!<,&!A-==&/.-0:80?!&/<8$#<&/!3JN!

-G!'-0?_<&=$!'-//) !Q&!A#'A%'#<&:!%..&=!#0:!'-P&=!B-%0:/!-0! ! !!G-=!&#A,!𝐴! !"!G=-$!<,&!$808$%$!3JJ!

#0:!$#@8$%$!F#'%&/!#A=-//!#''!<,&!=&#'!#0:!/50<,&<8A!'#0:/A#.&/d!<,8/!80!<%=0!?8F&/ !B-%0:/!-0 !3JK!

&GG&A<8F&!A-00&A<8F8<5!! !!#0:!%'<8$#<&'5!-0!𝑆!CF8#!(b)!CLEE2!=&.=&/&0<80?!<,&!B&/<_!#0:!P-=/<_A#/&!3JO!

/A&0#=8-/!G-=!'-0?_<&=$!/.&A8&/!=8A,0&//!-0!G=#?$&0<&:!'#0:/A#.&/!C6..&0:8@!LE)!7-==&/.-0:80?!3KI!

&/<8$#<&/!- G!&@<80A<8-0!:&B<!#=&!?8F&0!80!#B/-'%<&!<&=$/!#/!𝑆 ! 𝑆!-=!80!=&'#<8F&!<&=$/!#/!! − 𝑆 /3K1!

𝑆!2!P,&=&!! ! !8/!<,&!/.&A8&/!=8A,0&//!-G!<,&!-=8?80#'!'#0:/A#.&)!!3K3!

6A=-//!#!=#0?&!-G!/.#<8#'!/A#'&/!C𝐴!"# E2!'&F&'/!-G!,#B8<#<!A-F&=!C
!!

!!"#
E!#0:!80<=80/8A!:8/.&=/#'!3KM!

.#=#$&<&=/!C! E2!8$$&:8#<&!/.&A8&/!'-//!P#/! A-0/8/<&0<'5!/%B/<#0<8#'2!B%<!%/%#''5!=&.=&/&0<&:!'&//!3KL!

<,#0!HIo!-G!/.&A8&/!=8A,0&//!C>8?)!ME)!X5!A-0<=#/<2!P,&0!&@<80A<8-0!:&B<!P#/!#AA-%0<&:!G-=2!<-<#'!3KH!

'-0?_<&=$!'-//&/!P&=&!%/%#''5!-F&=!HIo!#0:!80!$#05!A#/&/!A'-/&!<-!1IIo)!+,&!b%#'8<#<8F&!3KN!

=&'#<8-0/,8.!-G!8$$&:8#<&!#0:!'-0?_<&=$!'-//!<-!/.#<8#'!/A#'&!P#/!A-0/8/<&0<!#A=-//!.#=#$&<&=!3KJ!

/&</!C6..&0: 8@!LEU!&@<80A<8-0!:&B<!C80!=&'#<8F&!<&=$/E!P#/!?&0&=#''5!$#@8$#'!#<!80<&=$&:8#<&!/A#'&/!3KK!

B%<!=&$#80&:!/&0/8<8F&!<-!<,&!/.#<8#'!/<=%A<%=&!-G!&#A,!,#B8<#<)!!3KO!

6$-0?!<,&!/%8<&!-G!'#0:/A#.&/!80!-%=!<&/<B&:2!<,&!=&#'!'#0:/A#.&/!G=-$!/#<&''8<&!:#<#!#=&!$-/<!3OI!

=&'&F#0<!G-=!&$.8=8A#'!.=-B'&$/)!R%=!/8$%'#<8-0_B#/&:!&/<8$#<&/!-G!'-0?_<&=$!/.&A8&/!'-//!-0!3O1!

<,&/&!=&#'!'#0:/A#.&/!G&''!P8<,80!<,&!<,&-=&<8A#'!B-%0:/!G=-$!-%=!G-=$%'#/2!#/!&@.&A<&:2!B%<!3O3!



!

1J!

&@,8B8<&:!#!$%A,!0#==-P&=!=#0?&!-G!F#'%&/!<,#0!<,-/&!G=-$!-%=!/50<,&<8A!'#0:/A#.&/ )!>-=!/$#''!3OM!

=&#'!'#0:/A#.&/2!<,&!.&=A&0<#?&!'-0?_<&=$!/.&A8&/!'-//!P#/!#..=-@8$#<&'5!&b%#'!<-!<,&!3OL!

.&=A&0<#?&!-G!,#B8<#<!'-//!C>8?)!LE)!6<!80<&=$&:8#<&!/.#<8#'!/A#'&/!<,&!.&=A&0<#?&!'-0?_<&=$!/.&A8&/!3OH!

'-//! P#/!?=&#<&/<U!G-=!&@#$.'&2!G-=!<,&!.#=#$&<&=!F#'%&/!80!>8?)!L2!'-0?_<&=$!/.&A8&/!'-//!-0!=&#'!3ON!

'#0:/A#.&/!P#/! OIj OHo!#<!80<&=$&:8#<&!/.#<8#'!/A#'&/!P,&0!KIo!-G!,#B8<#<!P#/!'-/<)!6<!F&=5!'#=?&!3OJ!

/A#'&/2!P&!G-%0:!<,#<!<,&!/<=%A<%=&!-G!=&#'!'#0:/A#.&/!<&0:&:!<-!8$.&:&!:8/.&=/#'2!'&#:80?!<-!'-P!3OK!

𝑐! !F#'%&/!#0:!'-0? _<&=$!/.&A8&/!=8A,0&//!F#'%&/!A'-/&!<-!<,&!<,&-=&<8A#'!'-P&=!B-%0:!C>8?)!LE)!!3OO!

S0!#0!&@#$.'&!#..'8A#<8-0!-G!-%=!$&<,-:/2!&/<8$#<80?!<=&&!/.&A8&/!'-//&/!80!<,&!6$#c-0!C>8?)!NE!MII !

<,&!.=&:8A<&:!/.&A8&/!=8A,0&//!P#/!A-0/8/<&0<'5!A'-/&=!<-!<,&!<,&-=&<8A#'!'-P&=!B-%0:)!RF&=#''2!<,&!MI1!

.&=A&0<#?&!-G!/.&A8&/!=&$#8080?!#/!#!G%0A<8-0!-G!/.#<8#'!/A#'&!G-''-P/!#!Z_/,#.&:!A%=F&!-0 !=&#'!MI3!

'#0:/A#.&/!C>8?)!LE2!#0:!#AA-=:80?'5!<,&!<-<#'!.&=A&0<#?&!-G!/.&A8&/!'-/<!C&@<80A<8-0!:&B<!#0:!MIM!

8$$&:8#<&!'-//!<-?&<,&=E!G-''-P/!#!,%$._/,#.&:!A%=F&)!S0!>8?)!H2!P&!/%$$#=8c&!?=#.,8A#''5!<,&!MIL!

&@.&A<&:!.&=A&0<#?&!-G!/.&A8&/!=&$#8080?!G-=!#!=#0?&!-G!'&F&'/!-G!,#B8<#<!'-//!#0:!A-00&A<8F8<5!MIH!

#0:!#A=-//!#!=#0?&!-G!/.#<8#'!/A#'&/)!MIN!

Q&!G-%0:!<,#<!<,&!$-/<! A-00&A<&:!/A&0#=8-!80!-%=!$-:&'2!#0:!<,&!B&/<_A#/&!/A&0#=8-!G-=!'-0?_MIJ!

<&=$!/.&A8&/!=8A,0&//!C'-P&/<!/.&A8&/!'-//E2!8/!P,&0!,#B8<#<!'-//!8/!=#0:-$)!Q&!A#0!b%#0<8G5!<,8/!MIK!

B&/<_A#/&!/A&0#=8-!B5!<#T80?!<,&!'-0?_<&=$!/.&A8&/!=8A,0&//!G=-$!#!=#0:-$'5!G=#?$&0<&:!MIO!

'#0:/A#.&!:8F8:&:!B5!<,&!-=8?80#'!/.&A8&/!=8A,0&//!80!#!A-0<8?%-%/!'#0:/A#.&U!!M1I!

! !"#$%& 𝐴!"#!𝐴! ! ! , ! !

𝑆!"#$%&! ! !"# , 𝜈!𝜎!!
!

𝐴!
! !"#

𝜎!𝛹 ! !"#
𝜎! , 𝜈

𝜎!𝛹(𝐴!"#! ! , ! !
=

𝐴!
! !"#

	

CNE!M11!



!

1K!

+,&=&G-=&2!<,&!B&/<_A#/&!.=-.-=<8-0!-G!/.&A8&/!=&$#8080?!80!<,&!'-0?_<&=$!#G<&=!,#B8<#<!'-// !8/!M13!

&b%#'!<-!<,&!.=-.-=<8-0!-G!,#B8<#<!=&$#8080?!! = !!

! !"#
!C>8?)!NE)!+,8/!=&/%'<!#'/-!?&0&=#'8c&/!<-!<,&!M1M!

A#/&!P,&=&!<,&!'#0:/A#.&!A-0/8/</!-G!$%'<8.'&!,#B8<#<!<5.&/!&#A,!.=-F8:80?!#0!80:&.&0:&0<!08A,&!M1L!

G-=!/.&A8&/!<-!-AA%.52!#//%$80?!<,#<!P8<,80!&#A,!08A,&!/.&A8&/!:50#$8A/!#=&!0&%<=#'!C6..&0:8@!NE)!M1H!

( F&0!<,8/!B&/<_A#/&!'-0?_<&=$!/A&0#=8-!8/!/%B/<#0<8#''5!P-=/&!<,#0!8$$&:8#<&!'-//!/A&0#=8-/2!M1N!

P,&=&!<,&!0%$B&=!-G!/.&A8&/!808<8#''5!=&$#8080?!8/!#'P#5/!,8?,&=!<,#0!
! !

!!"#
!C>8?)!NBE)!+,&!M1J!

8$.-=<#0A&!-G!#AA%=#<&'5!#AA-%0<80?!G-=!&@<80A<8-0!:&B<!8/!%0:&=/A-=&:!B5!#!A-$.#=8/-0!P8<,!<,&!M1K!

<=#:8<8-0#'!.-P&=_'#P!"64!#..=-#A, 2!P,8A,!80!#!/A&0#=8-!-G!3Io!,#B8<#<!=&$#8080?!.=&:8A</!<,&!M1O!

N3j KHo!-G!/.&A8&/!=&$#8080?!C6..&0:8@!1E2!#!/%B/<#0<8#'!-F&=&/<8$#<&!A-$.#=&:!<-!-%=!=&/%'</!M3I!

C>8?)!N#E)! !M31!



!

1O!

Discussion M33!

^#B8<#<!'-//! 8/!#!%B8b%8<-%/!G&#<%=&!-G!$-:&=0! '#0:/A#.&/2!5&<!P&!/<8''!'#AT!#!G%0:#$&0<#'!M3M!

%0:&=/<#0:80?!-G!,-P! 8<!#GG&A</ !B8-:8F&=/8<5!B-<,!80!<,&!/,-=<_<&=$!#0:!80!<,&!'-0?_<&=$!#G<&=!M3L!

=&.#5$&0<!-G!&@<80A<8-0!:&B<)!!+,&!&GG&A</!-G!G=#?$&0<#<8-0!-0!B8-:8F&=/8<5!80!.#=<8A%'#=!#=&!,-<'5!M3H!

:&B#<&:!C>#,=8?!3I1Jd!>'&<A,&=!et	al.!3I1KE!G%&'&:!.#=<'52!80!-%=!F8&P2!B5!'#AT!-G!A'#=8<5!#=-%0:!M3N!

,-P!<-!b%#0<8G5!G=#?$&0<#<8-0)!+,&!<=%&!=&/.-0/&!-G!B8-:8F&=/8<5!<-!G=#?$&0<#<8-0!'8T&'5!F#=8&/!M3J!

#A=-//!/.#<8#'!#0:!<&$.-=#'!/A#'&/!#0:!8/!#GG&A<&:!B5!.=-.&=<8&/!-G!B-<,!/.&A8&/!#0:!'#0:/A#.&/!M3K!

C;80:&0$#5&=!et	al.!3III2!3I1Hd!(F#0/!et	al.!3I1JE)!̂ &=&!P&!,# F&!G-A%/&:!-0!<,&!T0-P'&:?&!?#.!M3O!

/%==-%0:80?!,#B8<#<!'-//2!,#B8<#<!G=#?$&0<#<8-0!#0:!&@<80A<8-0!:&B<!B5!:&F&'-.80?!0&P!#0#'5<8A#'!MMI!

<=&#<$&0</!-G!#!/.#<8#''5!&@.'8A8<!0&%<=#'!$-:&' !C(b)!CHEE)!X&'-P!P&!G-A%/!G8=/<!-0!-%=!<&A,08A#'!MM1!

=&/%'</!#0:!<,&0!-0!<,&!8$.'8A#<8-0/!G-=!<,&!G=#?$&0<#<8-0!:&B#<&!$-=&!B=-#:'5)!MM3!

R%=!0&%<=#'!$-:&'/! #AA-%0<!G-=!G=#?$&0<#<8-0!<,=-%?,!0&P!.#=#$&<&=/2!P,8A,!$&#/%=&!MMM!

'#0: /A#.&/!<,=-%?,!<,&!'&0/!-G!<,&!<#@#!B&80?!/<%:8&:)!S0!.#=<8A%'#=2!&GG&A<8F&!#=&#!! ! !#0:!MML!

&GG&A<8F&!A-00&A<8F8<5!𝑐!!b%#0<8G5!A-0A&.</!<,#<!,#F&!'-0?!B&&0!A&0<=#'!<-!<,80T80?!80!MMH!

A-0/&=F#<8-0)!R%=!&GG&A<8F&!#=&#!.#=#$&<&=!8/!<,&!0%$B&=!-G!80:8F8:%#'!-=?#08/$/!=&$#8080?!80!MMN!

<,&!G=#?$&0<&:!'#0:/A#.&!#0:!<,%/!80A-=.-=#<&/!,#B8<#<!b%#'8<5!#0:!80:8F8:%#'!:&0/8<5!G-=!<,&!MMJ!

<#@#!-G!80<&=&/<)!R%=!&GG&A<8F&!A-00&A<8F8<5!.#=#$&<&=!80<&?=#<&/!G%=<,&=!#/.&A</!-G!,#B8<#<!MMK!

/<=%A<%=&!#0:!:8/.&=/#'!$&A,#08/$/ !80<-!#!/80?'&!F#'%&!A#.<%=80?!B=-#:!=&/<=8A<8-0/!<-!$-F&$&0<!MMO!

80!<,&!'#0:/A#.&!G-=!<,&!<#@#!-G!80<&=&/<)!+,&!B=-#:&=!'&//-0!,&=&!8/!<,#<!#05!B8-'-?8A#''5!MLI!

$&#080?G%'!$&<=8A!-G!G=#?$&0<#<8-0!$%/<!<#T&!#!/.&A8&/_&5&!F8&P!-G!<,&!P-=':2!=#<,&=!<,#0!B&80?!ML1!

B#/&:!-0!,%$#0!.&=A&.<8-0/!-G!P,#<!`G=#?$&0<&:a!'--T/!'8T&)!ML3!



!

3I !

Q,#<!:&?=&&!-G!/.&A8&/!'-//!A#0!B&!&@.&A<&:!80!<,&!'-0?!<&=$!80!#!0&%<=#'!$-:&'m!(F&0!80!-%=!MLM!

B&/<_A#/&!/A&0#=8-2!'-0?_<&=$!/.&A8&/!'-//!8/!/%B/<#0<8#'!C>8?)!ME2!P8<,!<,&!/#$&!.=-.-=<8-0!-G!MLL!

/.&A8&/!'-/<!#/!<,&!.=-.-=<8-0!-G!,#B8<#<!'-/<)!Q-==580?'52!#''!-%=!&@#$.'&/!B#/&:!-0!=&#'!MLH!

G=#?$&0<#<8-0!$#./!C>8?)!L2!>8?)!NE!#=&!&F&0!$-=&!/&F&=&!#0:!A'-/&=!<-!<,&!P-=/<_A#/&!/A&0#=8-)!MLN!

+,8/!/%??&/</!<,#<!=&#'8/<8A!'#0:/A#.&!.#<<&=0/!&@,8B8<!A-0/8:&=#B'&!/<=%A<%=#'!8$.&:8$&0</!<-!MLJ!

A-00&A<8F8<5)!S0!<,&!=&#'!P-=':2!P,&=&!A-$.&<8<8F&!&@A'%/8-0!#0:!&0F8=-0$&0<#'!/<-A,#/<8A8<5!MLK!

#AA&'&=#<&!A,#0?&!B&5-0:!<,&!.#A&!-G!#!0&%<=#'!$-:&'!C]#'5%c,05!et	al.!3I1Hd!*#080-!et	al.!3I1NE2!MLO!

#0:!P,&=&!:8/.&=/#'!#A=-//!<,&!$#<=8@!$#5!80A=&#/&!$-=<#'8<52!<,&!'-//!-G!:8F&=/8<5!A-%':!B&!MHI!

?=&#<&=!/<8'')!MH1!

R0&!.=&:8A<8-0!-G!-%=!$-:&'!8/!<,#<!<,&!B&/<_A#/&!/A&0#=8-!G-=!'-0?_<&=$!/.&A8&/!=8A,0&//2!%0:&=!#!MH3!

G8@&:!<-<#'!#=&#!-G!,#B8<#<!'-// 2!8/!#!=#0:-$ '5!A'&#=&:!'#0:/A#.&!A-==&/.-0:80?!<-!<,&!,8?,&/<!MHM!

A-00&A<8F8<5!B&<P&&0!,#B8<#<!A&''/)!+,8/!.=&:8A<8-0!/,-%':!B&!80<&=.=&<&:!A#%<8-%/'5!B&A#%/&!-%=!MHL!

$-:&'!8?0-=&/!&:?&!&GG&A</ !C/&&!6..&0:8@!HE2!P,8A,!A-0/<8<%<&!#!A-$.'&@!F#=8&<5!-G!&A-'-?8A#'!MHH!

=&/.-0/&/ 2!P8<,!/-$&!.-/8<8F&!B%<!$-/<'5! 0&?#<8F&!&GG&A</!-0!:8F&=/8<5)!6'-0?!&:?&/2!/&0/8<8F&!MHN!

/.&A8&/!A#0!B&!:=8F&0!<-!&@<80A<8-0!B5!.=-A&//&/!80A'%:80?!#'<&=&:!$8A=-A'8$#<&!-=!80A=&#/&:!MHJ!

#AA&//8B8'8<5!<-!.-#A,&=/!C(P&=/!g!*8:,#$!3IINd!(F#0/!et	al.!3I1JE)!+,&/&!&@<80A<8-0/!A#0!#'/-!B&!MHK!

$#/T&:! #'-0?!&:?&/!B5!80A=&#/&:!'-A#'!,#B8<#<!:8F&=/8<5)!R%=!$-:&'!A-%':!B&!&@<&0:&:!<-!80A'%:&!MHO!

&:?&!&GG&A</!B5!#..=-.=8#<&'5!#:h%/<80?!&GG&A<8F&!#=&#!<-!.&0#'8c&!&:?&/)!!MNI!

R%=!#0#'5/8/!,#/!&@.-/&:!-0&!?&0&=#'!-B/<#A'&!<-!#!=8?-=-%/!A-0A&.<%#'!G-%0:#<8-0!-G!`&@<80A<8-0!MN1!

:&B<a)!6!.=#A<8A#'!:&G808<8-0!-G!&@<80A<8-0!:&B<!80!A-0/&=F#<8-0!B8-'-?5!P-%':!B&!B#/&:!-0!#!MN3!

<8$&/A#'&!<,#<!8/!'-0?!&0-%?,!G-=!#!0&P!&b%8'8B=8%$!<-!B&!=&#A,&:!#G<&=!G=#?$&0<#<8-02!B%<!/,-=<!MNM!

&0-%?,!<,#<!0-!/8?08G8A#0<!/.&A8#<8-0!-AA%=/)!X%<!P,&0!<,&!&A-'-?8A#'!#0:!&F-'%<8-0#=5!<8$&/A#'&/!MNL!
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-F&='#.!C&)?)2!80!>8?)!12!P,8A,!80:8A#<&/!=-%?,'5!HI2III!5=E2!8<!B&A-$&/!8$.-//8B'&!<-!/#<8/G5!B-<,!-G!MNH!

<,&/&!=&b%8=&$&0</!/8$%'<#0&-%/'52!B&A#%/&!<,&=&!8/!0-!<=%&!&b%8'8B=8%$!-0!<,&!&A-'-?8A#'!MNN!

<8$&/A#'&)!+,8/!/%??&/</!<,#<!:&G8080?!&@<80A<8-0!:&B<!$&#0/!/.&A8G580?!#!<8$&/A#'&!-G!80<&=&/<2!MNJ!

#0:!<,#<!<,8/!A,-8A&!P8''!80&F8<#B'5!B&!/-$&P,#<!#=B8<=#=5U!<,&!<8$&/A#'&!$%/<!B&!'-0?!&0-%?,!G-=!MNK!

$-/<!&@<80A<8-0/!<-!-AA%=2!B%<!/,-=<!&0-%?,!<,#<!/.&A8#<8-0!8/!/<8''!'#=?&'5!8==&'&F#0<)!MNO!

f-F80?!B&5-0:!<,&!.%=F8&P!-G!A-0/&=F#<8-0!B8-'-?52!P&!/&&!<,#<!-0!F&=5!'-0?!C?&-'-?8A#'E!<8$&!MJI!

/A#'&/2!G=#?$&0<#<8-0!A#0!#A<%#''5!80A=&#/&!:8F&=/8<5!B5!.=-$-<80?!/.&A8#<8-0!C>8?)!1E)!S<!$#5!/&&$!MJ1!

.#=#:-@8A#'!<,#<!#0<,=-.-?&08A!,#B8<#<!G=#?$&0<#<8-0!8/!?&0&=#''5!<,-%?,<!<-!B&!B#:!G-=!MJ3!

B8-:8F&=/8<5!P,8'/<!?&-'-?8A#'!,#B8<#<!G=#?$&0<#<8-0!8/!.&=A&8F&:!<-!80A=&#/&!:8F&=/8<5!:%&!<-!MJM!

/.&A8#<8-0!#0:!<,&!-=8?80!-G!&0:&$8A/!80!8/-'#<&:!,#B8<#<!.#<A,&/!/%A,!#/!<,&!8/'#0:/!-0!MJL!

#=A,8.&'#?-/)!+,&!.,&0-$&0-0!8/!-G!?=&#<!80<&=&/<!80!B8-?&-?=#.,5U!=&.&#<&:!B-%</!-G!MJH!

G=#?$&0<#<8-0!#0:!/.&A8#<8-0!-F&=!?&-'-?8A#'!<8$&!8/!-0&!,5.-<,&/8/!.=-.-/&:!<-!&@.'#80!<,&!,8?,!MJN!

:8F&=/8<5!#0:!&0:&$8/$!-G!&A-/5/<&$/!=#0?80?!G=-$!<,&!6$#c-0!<-!<,&!"-%<,!6G=8A#0!G50B-/!MJJ!

C6''/-..!&<!#')!3I1LE)!S<!8/!.'&#/80?!<,#<!#!/80?'&!%08G8&:!$-:&'!.=-F8:&/!&@.'#0#<8-0/!G-=!P,5!MJK!

G=#?$&0<#<8-0!A#0!:&/<=-5!B8-:8F&=/8<5!-0!/,-=<!<&=$!<8$&!/A#'&/2!5&<!/-$&<8$&/!G-/<&=!MJO!

B8-:8F&=/8<5!-0!?&-'-?8A#'!<8$&/A#'&!C/&&!6..&0:8@!LE)!6'/-2!<,&/&!=&/%'</!,8?,'8?,<!<,&!A-0%0:=%$!MKI!

<,#<!=&A-00&A<80?!,8/<-=8A#''5!G=#?$&0<&:!'#0:/A#.&/!A#0!,#F&!#!0&?#<8F&!8$.#A<!-0!B8-:8F&=/8<52!MK1!

#!<-.8A!<,#<!P&!'&#F&!G-=!G%<%=&!P-=T)!MK3!

4&<%=080?!<-!<,&!-0?-80?!G=#?$&0<#<8-0!:&B#<&!C>#,=8?!3I1J2!3I1Od!>'&<A,&=!et	al.!3I1Kd!>#,=8?!et	MKM!

al.!3I1Od!f8''&=_4%/,80?!et	al.!3I1OE2!P&!#/A=8B&!<,&!A%==&0<!8$.#//&!.#=<'5!<-!:8GG&=&0A&/!80!<,&!MKL!

%0/<#<&:!#//%$.<8-0/!$#:&!B5!<,&!-..-/80?!/8:&/2!P,8A,!80!<%=0!8/!:%&!<-!#!=&'8#0A&!-0!$#80'5!-0!MKH!

F&=B#'!#=?%$&0</!80/.8=&:!B5!80<%8<8-0!#0:!'8$8<&:!&$.8=8A#'!&F8:&0A&)!SG!&F&0!80!#!0&%<=#'!$-:&'2!MKN!
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<,&!#0/P&=!<-!<,&!G=#?$&0<#<8-0!b%&/<8-0!8/!0-0_<=8F8#'!#0:!A-0<&@<_:&.&0:&0<2!/%=&'5!8<!$%/<!B&!MKJ!

/-!80!=&#'8<5!#/!P&'')!+,&=&G-=&2!P&!&0A-%=#?&!.#=<8A8.#0</!80!<,&!G=#?$&0<#<8-0!:&B#<&!<-!<#T&!MKK!

.#80/!<-!$#T&!&@.'8A8<!<,&8=!#//%$.<8-0/!#B-%<!/.#<8#'!/A#'&/2!<&$.-=#'!/A#'&/2!<#@-0-$8A!/A-.&2!MKO!

#0:!<,&!:&G808<8-0!-G!G=#?$&0<#<8-0!8</&'G)!f-=&!b%#0<8<#<8F&!$&A,#08/<8A!$-:&''80?!A-%':!,&'.!80!MOI!

<,8/!=&?#=:)!MO1!

X&5-0:!<,&/&!?&0&=#'!=&A-$$&0:#<8-0/2!P&!,8?,'8?,<!<,=&&!T&5!$&//#?&/!G-=!<,&!G=#?$&0<#<8-0!MO3!

:&B#<&)!>8=/<2!<,&!=&/.-0/&!-G!/.&A8&/!<-!G=#?$&0<#<8-0!:&.&0:/!0-<!h%/<!-0!<,&!#==#0?&$&0<!#0:!MOM!

#$-%0<!-G!,#B8<#<!'-//2!B%<!-0!&A-'-?8A#'!.=-.&=<8&/!-G!<,&!/.&A8&/!<,&$/&'F&/2!80A'%:80?!:8/.&=/#'!MOL!

#B8'8<5)!"&A-0:2!<,&!'-0?_<&=$!/.&A8&/!'-//!G-''-P80?!,#B8<#<!'-//!A#0!B&!:=#/<8A#''5!:8GG&=&0<!<-!<,&!MOH!

8$$&:8#<&!/.&A8&/!'-//)!>80#''52!b%#0<8G580?!G=#?$&0<#<8-0!80!#!$&A,#08/<8A!P#5!j !,&=&!%/80?!-%=!MON!

&GG&A<8F&!A-00&A<8F8<5!#0:!&GG&A<8F&!#=&#!$&<=8A/!j !8/!A=8<8A#'!<-!.=-.&='5!%0:&=/<#0:80?!8</!8$.#A<)!!MOJ!

Q&!,#F&!.=&/&0<&:!#!0&P!#0#'5/8/!-G!#!$&A,#08/<8A!$-:&'!<,#< !#''-P/!%/!<-!,-0&!-%=!80<%8<8-0/!MOK!

G-=!,-P!<,&!.=-A&//!-G!G=#?$&0<#<8-0!#0:!,#B8<#<!'-//!#GG&A</ !:8F&=/8<5!-F&=!:8GG&=&0<!/.#<8#'!#0:!MOO!

<&$.-=#'!/A#'&/)!S0!A,#=#A<&=8c80?!<,&!=&/.-0/&!-G!B8-:8F&=/8<5!<-!G=#?$&0<#<8-02!P&!/,-P! <,#<!LII !

:-80?!/-! #AA%=#<&'5!=&b%8=&/!#0!#..=-.=8#<&!$&<=8A!-G!G=#?$&0<#<8-0!<,#<!/.&A8G8A#''5!A-0/8:&=/!LI1 !

/.&A8&/e!=&/.-0/&/ !<-!G=#?$&0<#<8-0!C&GG&A<8F&!A-00&A<8F8<5E)!Q&!,-.&!<,#<!<,8/!P8''!B&!%/&:!#/!<,&!LI3 !

G-%0:#<8-0!G-=!$-=&!/-.,8/<8A#<&:!$-:&'/!G-=&A#/<80?!:8F&=/8<5!'-//)!LIM!

Acknowledgements LIL !

Q&!<,#0T!<,&!&:8<-=!#0:!<,=&&!#0-05$-%/ !=&F8&P&=/!G-=!,&'.G%'!G&&:B#AT!-0!&#='8&=!F&=/8-0/!-G!LIH!

<,8/!$#0%/A=8.<)!Q&!#'/-! <,#0T!Y#:8#,!]=8/<&0/&0!G-=!A-$$&0</!-0!<,&!$#0%/A=8.<!#0:!+#T!>%0?!LIN!

#0:!4-?8&=!^80<c&0!G-=!$#05!,&'.G%'!:8/A%//8-0/)!")()*)+!P#/!/%..-=<&:!B5!<,&!9-80<!S$.&=8#'_YZ"!LIJ !



!
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[,*! "A,-'#=/,8. )!4)6)7!P#/!/%..-=<&:!B5!?=#0</!G=-$!<,&!9#$&/)!")!fA*-00&''!>-%0:#<8-0!LIK!

Cr33II3ILJIE!#0: !<,&!"80?#.-=&!f808/<=5!-G!(:%A#<8-0!CQX"!4_1HL_III _613_11LE)!9)4)!!P#/!LIO!

G%0:&:!B5!G&''-P/,8./!G=-$!<,&!Y#<%=#'!(0F8=-0$&0<!4&/&#=A,!7-%0A8'!CY(47E!CY(VSI311JO2!L1I !

Y(V;I11N11V1E)!+,8/!/<%:5!8/!#!A-0<=8B%<8-0!<-!S$.&=8#'!7-''&?&e/!l=#0:!7,#''&0?&/!80!(A-/5/<&$/!L11!

#0:!<,&!(0F8=-0$&0<!808<8#<8F&)!6''!/8$%'#<8-0/!P&=&!=%0!-0!,8?,!<,=-%?,.%<!A-$.%<&!/5/<&$/!#<!L13!

S$.&=8#'!7-''&?&!;-0:-0)!L1M!

References L1L!

6''/-..2!Y)2!7-'F8''&2!9)>)!g!n&=B--$2!l)6)!C3I1LE)!>50B-/U!&A-'-?52!&F-'%<8-0!#0:!A-0/&=F#<8-0!-G!#!L1H!

$&?#:8F&=/&!=&?8-0)!Fynbos	Ecol.	Evol.	Conserv.	a	megadiverse	Reg.2!MK3)!L1N!

6'-0/-2!*)2!(<8&00&2!4)")!g!fA]#0&2!6)9)!C3IINE)!+,&!$&=8</!-G!0&%<=#'!<,&-=5)!Trends	Ecol.	Evol.2!L1J!

312!LH1j LHJ)!L1K!

X=-P02!9)^)!C1OKLE)!R0!<,&!4&'#<8-0/,8.!B&<P&&0!6B%0:#0A&!#0:!*8/<=8B%<8-0!-G!".&A8&/)!Am.	L1O!

Nat.2!13L2!3HHj 3JO)!L3I !

7#$.-/2![)4)6)2!4-/#/2!6)2!:&!R'8F&8=#2!n)f)!g!l-$&/2!f)6)>)!C3I1ME)!(GG&A<!-G!;#0:/A#.&!L31!

"<=%A<%=&!-0!".&A8&/!*8F&=/8<5)!PLoS	One2!K2!&NNLOH)!L33!

7#==#=#2!()2!6==-5-_4-:=s?%&c2!n)2!n&?#_48F&=#2!9)^)2!"A,-0:%B&2!9)()2!:&!>=&8<#/2!")f)!g!>#,=8?2!;)!L3M!

C3I1HE)!S$.#A<!-G!'#0:/A#.&!A-$.-/8<8-0!#0:!A-0G8?%=#<8-0!-0!G-=&/<!/.&A8#'8/<!#0:!?&0&=#'8/<!L3L!

B8=:!/.&A8&/!80!<,&!G=#?$&0<&:!;#A#0:-0#!=#80G-=&/<2!f&@8A-)!Biol.	Conserv.2!1KL2!11Jj 13N)!L3H!

7,#F&2!9)!g!;&8?,2!()l)!C3II3E)!6!".#<8#''5!(@.'8A8<!Y&%<=#'!f-:&'!-G!B_*8F&=/8<5!80!+=-.8A#'!>-=&/</)!L3N!

Theor.	Popul.	Biol.2!N32!1HMj 1NK)!L3J!



!

3L!

7,#F&2!9)!g!Y-=:&02!Y)!C3IIJE)!7,#0?&/!-G!/.&A8&/!:8F&=/8<5!80!#!/8$%'#<&:!G=#?$&0<&:!0&%<=#'!L3K!

'#0:/A#.&)!Ecol.	Modell.2!3IJ2!Mj 1I) !L3O!

7,8/,-'$2!4)6)2!;8$2!>)2!\&-,2!\)")2!"&#,2!Q)Q)2!7-0:8<2!4)!g!4-/80:&''2!9)!C3I1KE)!".&A8&/j #=&#!LMI!

=&'#<8-0/,8./!#0:!B8-:8F&=/8<5!'-//!80!G=#?$&0<&:!'#0:/A#.&/)!Ecol.	Lett.2!312!KILj K1M)!LM1!

7-0:8<2!4)2!;#-2!")2![t=&c2!4)2!*-'80/2!")X)2!>-/<&=2!4)X)!g!^%BB&''2!")[)!C3I13E)!X#==-!7-'-=#:-!>-=&/<!LM3!

7&0/%/!['-<!*#<#2!3I13!n&=/8-0)!Cent.	Trop.	For.	Sci.	Databases)!LMM!

7-0:8<2!4)2![8<$#02!Y)2!;&8?,2!()l)2!7,#F&2!9)2!+&=B-=?,2!9)2!>-/<&=2!4)X)2!et	al.!C3II3E)!X&<#_:8F&=/8<5!LML!

80!<=-.8A#'!G-=&/<!<=&&/)!Science	(80-.	).2!3OH2!NNNj NNO)!LMH!

*#080-2!f)2!",0&=B2!Y)f)2!6c#&'&2!")2!]%0802!Q)()!g!]&//'&=2!*)6)!C3I1NE)!+,&!&GG&A<!-G!LMN!

&0F8=-0$&0<#'!/<-A,#/<8A8<5!-0!/.&A8&/!=8A,0&//!80!0&%<=#'!A-$$%08<8&/)!J.	Theor.	Biol.2!LIO2!LMJ!

1HHj 1NL)!LMK!

*8:,#$2!4)])!g!;#P<-02!9)^)!C1OOOE)!(:?&!"<=%A<%=&!*&<&=$80&/!<,&!f#?08<%:&!-G!7,#0?&/!80!LMO!

f8A=-A'8$#<&!#0:!n&?&<#<8-0!"<=%A<%=&!80!+=-.8A#'!>-=&/<!>=#?$&0</)!Biotropica2!M12!1J)!LLI !

*%==&<<2!4)!g!;&F802!")!C1OONE)!".#<8#'!$-:&'/!G-=!/.&A8&/_#=&#!A%=F&/)!J.	Theor.	Biol.2!1JO2!11Oj 13J)!LL1!

(F#0/2!f)9)2!X#0T/2!")7)2!*=8/A-''2!*)6)2!^8AT/2!6)9)2!f&'B-%=0&2!X)6)!g!*#F8&/2!])>)!C3I1JE)!",-=<_#0:!LL3!

'-0?_<&=$!&GG&A</!-G!,#B8<#<!G=#?$&0<#<8-0!:8GG&=!B%<!#=&!.=&:8A<&:!B5!=&/.-0/&!<-!<,&!LLM!

$#<=8@)!Ecology2!OK2!KIJj K1O)!LLL!

(P&=/2!4)f)!g!*8:,#$2!4)])!C3IINE)!7-0G-%0:80?!G#A<-=/!80!<,&!:&<&A<8-0!-G!/.&A8&/!=&/.-0/&/!<-!LLH!

,#B8<#<!G=#?$&0<#<8-0)!Biol.	Rev.	Camb.	Philos.	Soc.2!K12!11Jj 1L3)!LLN!



!

3H!

(P&=/2!4)f)!g!*8:,#$2!4)])!C3IIJE)!^#B8<#<!G=#?$&0<#<8-0U!.#0A,=&/<-0!-=!.#=#:8?$m!Trends	LLJ!

Ecol.	Evol.2!332!H11)!LLK!

>#,=8?2!;)!C3I1JE)!(A-'-?8A#'!4&/.-0/&/!<-!^#B8<#<!>=#?$&0<#<8-0![&=!"&)!Annu.	Rev.	Ecol.	Evol.	LLO!

Syst.2!LK2!#00%=&F_&A-'/5/_11IM1N_I33N13)!LHI!

>#,=8?2!;)!C3I1OE)!^#B8<#<!G=#?$&0<#<8-0U!6!'-0?!#0:!<#0?'&:!<#'&)!Glob.	Ecol.	Biogeogr.2!3K2!MMj L1)!LH1!

>#,=8?2!;)2!6==-5-_4-:=s?%&c2!n)2!X&00&<<2!9)4)2!X-%A,&=_;#'-0:&2!n)2!7#c&<<#2!()2!7%==8&2!*)9)2!et	al.!LH3!

C3I1OE)!S/!,#B8<#<!G=#?$&0<#<8-0!B#:!G-=!B8-:8F&=/8<5m!Biol.	Conserv.2!3MI2!1JOj 1KN)!LHM!

>'&<A,&=2!4)9)2!*8:,#$2!4)])2!X#0T/_;&8<&2!7)2!X#='-P2!9)2!(P&=/2!4)f)2!4-/80:&''2!9)2!et	al.!C3I1KE)!S/!LHL!

,#B8<#<!G=#?$&0<#<8-0!?--:!G-=!B8-:8F&=/8<5m!Biol.	Conserv.2!33N2!Oj 1H)!LHH!

>-/<&=2!Y);)2!>-??-2!6)!g!^-P&''2!]);)!C3I1ME)!Z/80?!".&A8&/_6=&#!4&'#<8-0/,8./!<-!S0G-=$!X#/&'80&!LHN!

7-0/&=F#<8-0!+#=?&</!G-=!<,&!*&&.!Y-=<,!(#/<!6<'#0<8A)!PLoS	One2!K2!&HKOL1)!LHJ!

l8'B&=<2!X)2!;#%=#0A&2!Q)>)2!;&8?,2!()l)!g!Y#/A8$&0<-2!^)()f)!C3IINE)!7#0!0&%<=#'!<,&-=5!.=&:8A<!LHK!

<,&!=&/.-0/&/!-G!6$#c-08#0!<=&&!A-$$%08<8&/!<-!G-=&/<!G=#?$&0<#<8-0m!Am.	Nat.2!1NK2!MILjLHO!

M1J)!LNI!

^#::#:2!Y)f)2!X=%:F8?2!;)6)2!7'-B&=<2!9)2!*#F8&/2!])>)2!l-0c#'&c2!6)2!^-'<2!4)*)2!et	al.!C3I1HE)!^#B8<#<!LN1!

G=#?$&0<#<8-0!#0:!8</!'#/<80?!8$.#A<!-0!(#=<,e/!&A-/5/<&$/)! Sci.	Adv.2!12!&1HIIIH3jLN3!

&1HIIIH3)!LNM!

^#''&52!9)f)!g!SP#/#2!\)!C3I11E)!Y&%<=#'!<,&-=5!#/!#!.=&:8A<-=!-G!#F8G#%0#'!&@<80A<8-0/!#G<&=!,#B8<#<!LNL!

'-//)! Proc.	Natl.	Acad.	Sci.2!1IK2!3M1Nj 3M31)!LNH!



!

3N!

^#''&52!9)f)2!"?#=:&'82!n)!g!+=8#0<8/2!])6)!C3I1LE)!(@<80A<8-0!:&B<!#0:!<,&!/.&A8&/_#=&#!=&'#<8-0/,8.U!LNN!

6!0&%<=#'!.&=/.&A<8F&)!Glob.	Ecol.	Biogeogr.2!3M2!11Mj 13M)!LNJ!

^#0/&02!f)7)2![-<#.-F2![)!n2!f--=&2!4)2!^#0A,&=2!f)2!+%=%B#0-F#2!")6)2!+5%T#F80#2!6)2!et	al.!LNK!

C3I1ME)!^8?,_=&/-'%<8-0!?'-B#'!$#./!-G!31/<_A&0<%=5!G-=&/<!A-F&=!A,#0?&)!Science2!ML32!KHIjLNO!

M)!LJI !

^#0/T82!S)!C3I11E)!^#B8<#<!'-//2!<,&!:50#$8A/!-G!B8-:8F&=/8<52!#0:!#!.&=/.&A<8F&!-0!A-0/&=F#<8-0)!LJ1!

Ambio2!LI2!3LKj 3HH)!LJ3!

^#0/T82!S)!g!RF#/T#80&02!R)!C3II3E)!(@<80A<8-0!:&B<!#<!&@<80A<8-0!<,=&/,-':)!Conserv.	Biol.2!1N2!NNNjLJM!

NJM)!LJL!

^#0/T82!S)2!k%=8<#2!l)!#2!X&''-Ab2!f)S)!g!45B8AT82!9)!C3I1ME)!".&A8&/_G=#?$&0<&:!#=&#!=&'#<8-0/,8.)!LJH!

Proc.	Natl.	Acad.	Sci.2!11I2!13J1Hj 3I) !LJN!

^&//&'B#=<,2!f)^)])2!"A8#8082!f)2!Q8<,2!])6)2!Q8&?#0:2!])!g!Y-P-/#:2!9)!C3I1OE)!'#0:/A#.&$&<=8A/U!LJJ!

#0!-.&0_/-%=A&!4!<--'!<-!A#'A%'#<&!'#0:/A#.&!$&<=8A/)!Ecography	(Cop.).2!&A-?)ILN1J)!LJK!

^%BB&''2!")[)!C3II1E)!+,&!Z08G8&:!Y&%<=#'!+,&-=5!-G!X8-:8F&=/8<5!#0:!X8-?&-?=#.,5)!Monogr.	LJO!

Popul.	Biol.2!1J2!MJH)!LKI!

^%BB&''2!")[)2!^&2!>)2!7-0:8<2!4)2!X-=:#_:&_6?%#2!;)2!]&''0&=2!9)!g!<&=!"<&&?&2!^)!C3IIKE)!^-P!$#05!LK1!

<=&&!/.&A8&/!#=&!<,&=&!80!<,&!6$#c-0!#0:!,-P!$#05!-G!<,&$!P8''!?-!&@<80A<m!Proc.	Natl.	LK3!

Acad.	Sci.2!1IH2!11LOKj 11HIL)!LKM!

]#'5%c,052!f)2!]#:$-02!4)!g!",0&=B2!Y)f)!C3I1HE)!6!0&%<=#'!<,&-=5!P8<,!&0F8=-0$&0<#'!LKL!



!

3J!

/<-A,#/<8A8<5!&@.'#80/!/<#<8A!#0:!:50#$8A!.=-.&=<8&/!-G!&A-'-?8A#'!A-$$%08<8&/)!Ecol.	Lett.2!LKH!

1K2!HJ3j HKI)!LKN!

;80:&0$#5&=2!*)X)!g!>8/A,&=2!9)!C3IIJE)!+#AT'80?!<,&!,#B8<#<!G=#?$&0<#<8-0!.#0A,=&/<-0)!Trends	LKJ!

Ecol.	Evol.2!332!13Jj 1M3)!LKK!

;80:&0$#5&=2!*)X)2!fA7#=<,52!f)!#)2![#==8/2!])f)!g![-.&2!f);)!C3IIIE)!^#B8<#<!>=#?$&0<#<8-02!LKO!

;#0:/A#.&!7-0<&@<2!#0:!f#$$#'8#0!6//&$B'#?&/!80!"-%<,&#/<&=0!6%/<=#'8#)!J.	Mammal.2!K12!LOI!

JKJj JOJ)!LO1!

;80:&0$#5&=2!*)X)2!Q--:2!9)2!fAX%=0&52!;)2!X'#8=2!*)!g!X#0T/2!")7)!C3I1HE)!"80?'&!'#=?&!F&=/%/!LO3!

/&F&=#'!/$#''U!+,&!";R""!:&B#<&!80!<,&!A-0<&@<!-G!B8=:!=&/.-0/&/!<-!#!F#=8#B'&!=&<&0<8-0!LOM!

'-??80?!&@.&=8$&0<)!For.	Ecol.	Manage.2!MMO2!1j 1I) !LOL!

f#52!>)2!4-/&0B#%$2!X)2!"A,%==2!>)f)!g!7,#/&2!9)f)!C3I1OE)!+,&!?&-$&<=5!-G!,#B8<#<!LOH!

G=#?$&0<#<8-0U!(GG&A</!-G!/.&A8&/!:8/<=8B%<8-0!.#<<&=0/!-0!&@<80A<8-0!=8/T!:%&!<-!,#B8<#<!LON!

A-0F&=/8-0)!Ecol.	Evol.2!O2!3JJHj 3JOI)!LOJ!

f8''&08%$!(A-/5/<&$!6//&//$&0<)!C3IIHE)!Ecosystem	and	Human	Well-Being:	Synthesis)!Isl.	Press)!LOK!

f8''&=_4%/,80?2!6)9)2![=8$#AT2!4)X)2!*&F8A<-=2!n)2!7-='&<<2!4)+)2!7%$$80?2!l)")2!;-5-'#2!4)2!et	al.!LOO!

C3I1OE)!^-P!:-&/!,#B8<#<!G=#?$&0<#<8-0!#GG&A<!B8-:8F&=/8<5m!6!A-0<=-F&=/8#'!b%&/<8-0!#<!<,&!HII !

A-=&!-G!A-0/&=F#<8-0!B8-'-?5)!Biol.	Conserv.2!3M32!3J1j 3JM)!HI1!

Re*P5&=2!9)[)!g!7-=0&''2!")9)!C3I1KE)!7=-//_/A#'&!0&%<=#'!&A-'-?5!#0:!<,&!$#80<&0#0A&!-G!HI3!

B8-:8F&=/8<5)!Sci.	Rep.2!K2!1j K)!HIM!



!

3K!

[&=&8=#2!^)f)2!X-=:#_*&_u?%#2!;)!g!f#=<80/2!S)")!C3I13E)!l&-$&<=5!#0:!/A#'&!80!/.&A8&/_#=&#!HIL!

=&'#<8-0/,8./)!Nature2!LK32!MNKj MJ1)!HIH!

4-/&0cP&8?2!f);)!C1OOHE)!Species	diversity	in	space	and	time)!7#$B=8:?&!Z08F&=/8<5![=&//)!HIN!

4-/&0cP&8?2!f);)!g!k8F2!\)!C1OOOE)!+,&!&A,-!.#<<&=0!-G!/.&A8&/!:8F&=/8<5U!.#<<&=0!#0:!.=-A&//&/)!HIJ!

Ecography	(Cop.).2!332!N1Lj N3K)!HIK!

4-/80:&''2!9)!g!7-=0&''2!")9)!C3IIJE)!".&A8&/_#=&#!=&'#<8-0/,8./!G=-$!#!/.#<8#''5!&@.'8A8<!0&%<=#'!HIO!

$-:&'!80!#0!80G808<&!'#0:/A#.&)!Ecol.	Lett.2!1I2!HKNj HOH)!H1I!

4-/80:&''2!9)!g!7-=0&''2!")9)!C3IIOE)!".&A8&/j #=&#!A%=F&/2!0&%<=#'!$-:&'/2!#0:!'-0?_:8/<#0A&!H11!

:8/.&=/#')!Ecology2!OI2!1JLMj 1JHI)!H13!

4-/80:&''2!9)!g!7-=0&''2!")9)!C3I1ME)!Z08F&=/#'!/A#'80?!-G!/.&A8&/_#B%0:#0A&!:8/<=8B%<8-0/!#A=-//!H1M!

$%'<8.'&!/A#'&/)!Oikos2!1332!11I1j 1111)!H1L!

4-/80:&''2!9)2!Q-0?2!\)!g!(<8&00&2!4)")!C3IIKE)!6!A-#'&/A&0A&!#..=-#A,!<-!/.#<8#'!0&%<=#'!&A-'-?5)!H1H!

Ecol.	Inform.2!M2!3HOj 3J1)!H1N!

45B8AT82!9)!g!^#0/T82!S)!C3I1ME)!".&A8&/_#=&#!=&'#<8-0/,8./!#0:!&@<80A<8-0/!A#%/&:!B5!,#B8<#<!'-//!H1J!

#0:!G=#?$&0<#<8-0)!Ecol.	Lett.2!1N2!3Jj MK)!H1K!

+,-$#/2!7)*)2!7#$&=-02!6)2!l=&&02!4)()2!X#TT&0&/2!f)2!X&#%$-0<2!;)9)2!7-''80?,#$2!\)7)2!et	al.!H1O!

C3IILE)!(@<80A<8-0!=8/T!G=-$!A'8$#<&!A,#0?&)!Nature2!L3J2!1LHj K)!H3I!

+,-$./-02![);)2!4#5G8&':2!X)!g!l-0c#'&c2!6)!C3I1JE)!;-//!-G!,#B8<#<!#0:!A-00&A<8F8<5!&=-:&/!/.&A8&/!H31!

:8F&=/8<52!&A-/5/<&$!G%0A<8-080?2!#0:!/<#B8'8<5!80!$&<#A-$$%08<5!0&<P-=T/)!Ecography	H33!



!

3O!

(Cop.).2!LI2!OKj 1IK)!H3M!

+8'$#02!*)2!f#52!4)f)2!;&,$#02!7);)!g!Y-P#T2!f)6)!C1OOLE)!^#B8<#<!:&/<=%A<8-0!#0:!<,&!&@<80A<8-0!H3L!

:&B<)!Nature2!MJ12!NHj NN)!H3H!

+8/A,&0:-=G2!;)!g!>#,=8?2!;)!C3IIIE)!R0!<,&!%/#?&!#0:!$&#/%=&$&0<!-G!'#0:/A#.&!A-00&A<8F8<5)!H3N!

Oikos2!OI2!Jj 1O)!H3J!

+%=0&=2!f)l)!g!l#=:0&=2!4)^)!C3I1HE)!Landscape	Ecology	in	Theory	and	Practice)!".=80?&=!Y&P!H3K!

\-=T2!Y&P!\-=T2!Y\)!H3O!

n-'T-F2!S)2!X#0#F#=2!9)4)2!^%BB&''2!")[)!g!f#=8<#02!6)!C3IIME)!Y&%<=#'!<,&-=5!#0:!=&'#<8F&!/.&A8&/!HMI!

#B%0:#0A&!80!&A-'-?5)!Nature2!L3L2!1IMHj 1IMJ)!HM1!

n-'T-F2!S)2!X#0#F#=2!9)4)2!^%BB&''2!")[)!g!f#=8<#02!6)!C3IIJE)![#<<&=0/!-G!=&'#<8F&!/.&A8&/!#B%0:#0A&!HM3!

80!=#80G-=&/</!#0:!A-=#'!=&&G/)!Nature2!LHI2!LHj LO)!HMM!

Q#0?2!v)2!X'#0A,&<2!>)l)!g!]-.&=2!Y)!C3I1LE)!f&#/%=80?!,#B8<#<!G=#?$&0<#<8-0U!60!&F#'%#<8-0!-G!HML!

'#0:/A#.&!.#<<&=0!$&<=8A/)!Methods	Ecol.	Evol.2!H2!NMLj NLN)!HMH!

Q8'/-02!f)7)2!7,&02!v)_\)2!7-='&<<2!4)+)2!*8:,#$2!4)])2!*80?2![)2!^-'<2!4)*)2!et	al.!C3I1NE)!^#B8<#<!HMN!

G=#?$&0<#<8-0!#0:!B8-:8F&=/8<5!A-0/&=F#<8-0U!T&5!G80:80?/!#0:!G%<%=&!A,#''&0?&/)!Landsc.	HMJ!

Ecol.2!M12!31Oj 33J)!HMK!

!HMO!

! !HLI!



!

MI!

Figure legends HL1!
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