Characterizing extinction debt following habitat fragmentation
using neutral theory
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Abstract
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[5<,-0!%/80?!<,&!.5A-#&/A&O0A&! #ATEFEB #B'&N BB<BWAT&<U!

,<<.JUVVB8<BWAT&<)-=?V<,-$./-0/&:V.5A-# &B&OA&
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13H

13N
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13K

130

1ML

1M1

1M3

1IMM

1ML

1MH

1IMN

1M

1IMK

Analytical approach

Q&!/-%7? <I<-1&=8F&!#0#'5<8AH#'| G-=@HHD? <&=3%$!/.&A8&/!"-IG-"-P80?! #B8<H#H! 180!#

| #<8#"5!&@.'3DR%<=F'&' )ISO!A-0<=#/dK8/,-'$! etal. C3ILKE2!P,-!/<%:8&/B$8'#=!/5/<&$
#0:1G-A%/&:1-0I&AB&/"-//18$$&:8#<&'5!G-"-P80?! #B8<#<!A'@RPEBG?A%I-0!<,&!'-0? <&=9!
-%<A-$&ME&!I%/&:1H$&<,-:! A-$$-0!80!.,5/8A/'P,&=8B3#!A-$.'&@!/5/<&$!A#0!B&IP=8<0&0!
<&=9$/'-G#!=&:%A&:!0%IB&=!-G! #=#I& LI /=-#A, 180F-'F&/:&<&=$80807!A-$B80#<8-0/!-G!
H=HP&<E&=H #<H=&IA-:&.&0:&025&#0807?!<,&!G%"!/-'%<8-0!G-=!<,&!/5/< &5 8 < SR
=&:%A&:483.'&=21#0#'5<8A#"5!<=#HA<#B'EFABM//80:&"!g!7-=0&"131Jd!7,8/,-'$! et al.!
3I1IKB" %A #. . =-#A,&/ H=8&45.8A#"RF&'-.&:IB5!& @#$80#<8-08GY'#<8-0!=&/%'</2!,&%=8/<8Al

#=7%$&0</1#0:180/.8=&:!1?%&//RI<I&5#=&!'#<&=!F&=8G8&:!B5!&@<&0/8K.!/8$% '#<8-0

SO, &N /<#O:#=L#<8#"5!& @ .'8A8<!0&%<=HIF 8R! ?#%//8#0!:8/.&=/#"1#0:!.-80<!$%<#2B-0

| .&AB&/I=8A,080D!#!:&G80&:!1=&?8-AIACD<8?%-2AB0G 8088 EAH. & =&#A &/ 1#!: 50#$8A
&b%8'8B=8%%$!B&<P&&0!/.&AIBHE8T-#<8HIP! & @ <80AHDOA#0!B&&/A=8B&B5H#<P-_
H=#P&<&B%OA<8-0!TO-POI#/'4:&/<-01G%0A<8-0a17,8/,-'$! et al.!3|11Kd!'Re*P5&=!Ig!7-=0&"
311Kd!6..&0:8@ B >-"-P807?!#!<=#:8<8-0!-G!0#$807?!/.&A8#'|G%0A<8-0/!80!$#2! &H+LGA/0!
G%0A<8-0!P#/'0#$&7,8/,-'$! et al.!311KE<-!,8?,'87?,<18</I18%$.-=<#AR! <-HB/<=#HHP#5!<,&!
A-$.'8A#<& #O# 5<8AHY<8-ICRe*P5&=!9!7-=0&"13|)KR.ABGBAZ!E &!&AB&/I=8A U G#!
8IAL#.&: G-A##=&#2!/&<!P8<,80!#0!80&6888288-%/!0&%<=#'"'#0:./BHH#R!B&. .=- @ 8$#<&:!

#/!

A
Scontig(! e!v!! !) ~1 IW(;'V)'

ae



[
IMO P,&=&!18/K,&.-80<!/.&A8#<8-0!=t<RAMHS&H/%=&!-G!:8/.&=/#"#BBBEBFB=8#0A&!-G#!

1LIT  B8F#=8#<&!0-=$#':8/.&=/#"T&H0& | '8/<,&!0%$B&=!-G!80:8F8:98#08/$/80<,&!G-A#'l#4&#
1L1 CRe*P5&=!09!7-=0&"I31)KEB/,-'$! et al. C3IIKR@<&R:!<,8/!=&/%<!.=-:%A&&DY%#<8-PBBOP
1L %..&=#0:I'-P&=!B-%0:/!I-0!/. &AB&/!"-//18$$&:8#<&'5I#GC<&=! #BB W& A#' A% '#4&Q@<80A<8-0!
1LM  :&B<80!<,&!/#$&8-:&'! B5!:&=8F88&!'-07 <&=%$!/.&A8&/'1=8A,0&//'G-"-P807?! #B8<#1Y//

1L <#T807?!<;8GG&=&0AELPB&0!<,8/1#0:!<,&!/.&AB8&/!1=8A,0&//'8$$&:8#<&'5!1#G<&=! #B8k#<!'-//)
1LH  :8/<80?%8006=!=&/%'</1G=-$!.=&F8-%/'5!'&=8F &:|G-=$0#RB-EAB8&/!=8A,0BS$&: 8#<&'5!
1ILN  G-"-P807! #B8<#<!'WP &I&F&'-.&: # #<I0-<#<8-(lI<-180:8A#<&!'-GR=$!/.&A8&/I=8A,0&//1#<!
1LY &b%8'8B=836$P80P#B8<#<l )IQ,8'/<!B-<,!l #0:!IT1#=88.@.=&//&:!80!<&=$/!-G![=&/<-0!

1LK  G%O0A<8-0/2!<4&8:4$#<8AH#'|G-=$0:!B8-'-?8A#'|$&#0802A&!F&=5!:8 CGRHFE&BBH#<80Q7B/I#!
1LO  =&#<8F&'5!/8$.'&!/ #¥288.'80?!.=-B'&$dI&/<8$#<80D?_<&=$!/.&A8&/'=8A Q8IBOF-'F&/

1HII  A-$$%08<5!:50#$8A0! <,&!IG=#?$&0<&:'#O:/AHI &

1H1 !

1H3 Landscape generation

1HM  SO!-=:&=I<FB=8@ELI#0# 5<8A&I% 2P&! . 8&=G-=$&/8$%'#<8-0/1-GH P8:&!F#=8&<BIED<,&<&A
THUL  #0:1° =&AIHO/AH.&I )+P-1 #=#$8 <& &GBO&, &'#0:/A#.&1 Ul 21<,&8=A&O<#?&I-G! #B8<#<!

THH  A-F&HG<&=I'dHO: .. 21< &H@8$%S! -//8B'&! &G GRA<BF&I#=&#al80!<,&!'#0:/A#.&P8<,!1ll0!
IHN  #B8<#<!A-FRE,&=8&!:&G80&!&GGAA<BHEL BRI SBE=!-G!80:8F8:98#08/$/.=&/&0<! 8!

1H]  G-A#THO:/A#.&)!+ &I&GGRA<BF&I#=&#HG<&=IBHBBREOIBS!= h - A,,,,)'Q &D/&1! 1.!

1HK  F#'%&/!-602!1™ 2I#0:11™" 221#0:hIF#'%&/!-B0, 20!-=I"#  158&':800BO&!F#'%4&3! ,)!16"!



1HO

INI

IN1

IN3

INM

INUL

INH

INN

INJ

INK

INO

1J1'!

1J1!

1J3!

1IM

i

1JH

1IN

130

1JK

1Ja

[
H#B8<#B@&P8<,80!-%=I"#0:/A#.&# &b%H# %&!<-1-=?#08/$/2!#0:1#"10;:8B8<#<!|.8@& /! #:!

c&=-IF# W&

R%#50<,&<8A0:/A#.&/1A-$.=8/&:1<P-1<5 &MEH#O:-$al G8?)HEH0:!" A'%/<&=8C-87)RIF
AH0:-$IHO:IAH.&] IP&=&=-%A&IG=-$#!"H0:/A#.&IP8<,I1]l0! #B8<#<IBSHO:-$'5!=&$-F80?!
B@&I0<IB, &:&/8=8&! HBE<HALF&IPH/HA B&FH+&OI=HO:-$I'#0:/A#.&/IP&=82&08&=H<&3}=!
&HA FH#%&1-GI'HO:/AH#IRE&A -, '#0:!.&=A&0O<IA-FR21?8F80?!#!<-<#'1-GlOIISHAY/<&=&:
HO:/AH.&/) A-0/8/<&:1-GI&F&O'S! #ABIAL #.8: |A'%/<&=/I-G! #B8<#<HDO&! #::8<8-0#'
H=HS&<8BE,&I0%SBE= GHH#?$LOK) 7' Y0/ <8=EHO0:IAH.&IIP&=&) .= %A&IG!=! 2(IP,&=&!

i =#0?&8G=-$!1'@!/807'&!"#=18B+#?$&E<-II"#, | ,IC&F&=5!80:8F 308/ !'#<&:! #<AE)

R%=8#"H0:/A#.&/! G8?) ARAH#$&!G=-$H<& "848 ./I-G!"-%<,!16$&=8A#0! G-=&/<| AT/ &t
al.'I3IIMBER%=!$-:&'/!-0!<,&/&!$#./! #=&!0-<!80<&0:&:!<-1=&.=&IFB#c-0! <=&&!A-$$%08<5!
:50#$8A/!/.&ABG8A#"5d!<,&I$#F8:&#!/& &A<8-0!-G!=&#'8/<BAI'#0:/A#.& | #E&<EEDBOP %!
G-=$%'#>-=1&#A,\F#H&!-GR1& ?8-0/!P8¢,#B8<#<!A-F&=!P83BaGh!P&=&!8:&0<8G8&: ' B@& /!
#:&: <-1-=1=83$-F&:!1G=-$! #B8<#<!B-%0:#=8&/'<-|.=-:% A&H#IH | & @#A<'5!<,&!:&/8=&:!
H#BB8<#<IA-FRB%<!/<8"IA-/&'5!=&/&$B'&:|1=&#'I'#0:/ A¥-&IE, ., = 5000' I<,&=88&=&
80/%GG8A8&0<!=&7?8-0/'P8<,! #B8<#<!#=&#/!P8<,80! Lb#SISRI&HHEUILBO/<&#:!-0&!
,%00:=&: =#0:-$'5!A,-/&0! =&#'1$#./1&#A LQ/8C& .« = 500%IP&=&!<8'&:| A4&H#<ER/&!

HO:IAH.&])!

Empirical example
+-1.=-F8:&!&@#$.'&/'-G!,-P!-%=13$&<,-:/| A#B&#..'8& 2P & #'[-! &/<8$#<&HA<YE @ <B0A<8-0!

:&B<IG-=I<=-.8A#'I<=8GBBRABG8APB-0/!-G!<,&!16$#C)F, & G-=&/<!A-F&=!/#<&"8<&!$#./|G=-3!
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!
1K1l "#0/&0let al.|C3IIME-F8:&:I<,&!/ #<8#'1#==#07&$&0<!-GHRE&EI0!&#A,|=&?8-0)!+,&!GBF &!/8<&/!
1K1 &@.&=8&0AB2DB8GBA#0<!:&G-=&/<#<8-0!80!<,&!'#/<!<PEOLBIGESA, -/ &P 8<!=&'#<8F&'5!
1K3 /8$8'#=1.#<<&=0/!-G!G=#?$&0<#<8-0HA28H#RH%==-%0:8CR&!G-A#40:/A#.&)+,&!$-:&'!
1IKM  #=#$&<&=/IP&=&!<#T&0!GE&B=-.8A#'| G-=83<B=#<9780:8<t al.!3|13RH#!:&0/8<5!-GIH13!
1KL  80:8F8:%4#%'<!<=&&Em?2#!:8/ &=/#" #=#$&<&=1GE 8.5!C#..=-@8$#<&'5!LIPE#0: #!

1KH /.&A8#<8-0!=#<&!5h! 107" .!

1kN  Results

1k3 Analytical solutions for long-term species richness in simple
1KK landscapes

1KO  >80:80®17&08&=#1#0# 5<8AH'l/-' UZ8-§1-%=10&%<=#$-: &GH"-02<&=FC&DY S 8 B=BEAEL/!
10l =8A,08&//PPIGI<,&IG-A#'1=8&78-0!P8<B0BB0BHRMH.&!! I=&b%8=8&/1%0:8=/<#0:80?1P,8A,!
101  G&H<Y%=&lIHBI&!I$-/<I8$.-=<#O<IG-=I&A-'-?8AH#'. =-ARHBY &/ &ABH | AHIGIH#IA-0<82%-%%/!
103 "HO/A#.&IL g0, dP8<, 1 1110! #B8<#<IA-FBO=! #B8<#<! #/IB&EOIHO: I , | | Y1+ &I0?_

10M <&=$!&b%8'8B=8%%$!/.&A8&/!=8 A BEIREH! B %o#'<-1<,&18780#&A8&/!=8A,0&//U

& I & ] 2 I A!"# I
S(Leontig!v, 0" ) = Spugoe(! 1% ,!1,0") =!Scontig(! v 'v,02) ! o'W V)

10t GE

10H 4#0:-$ '5IG=#?$&0<80:/A#.&/! =&.=&/&OHD-<,&=!/.&A8H#' | A#MR. =& #B8<IA&"[H=&/008G-=$'5!
10N :8/<=8B%Q0!/ #A&n%/ET&!<,&!A-0<8?%-%/!|A#/&2!-0'S|@H#=8&!=#0:-$'5!$8@&: P80 _

10J  #B8<#AR"/'< #<IA#00-<!B&!-AA%.8&:)!+,&#F&=#7?&!:8/<#0ASHBIEHAZERIB 8 <#<|A&BI
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10K

100

3!

311!

313!

3IM!

3IL!

3IH!

3IN!

KINY

3IK!

310!

311!
311

313

31M

31U

31H

[
/““:%!A&"! P8:<,/180/<&#:I'B&!A&"1P8:<,!18Q8IA-0<87%-%/! AB& & %=8/<8Al/-'%<8-0!<-I'-0?

<&=9%$!/.&A8&/I=8A,0&//!A#0!B&!-B<#80&:!1#/! B5!PAIB?808A-$.=&// 80K, &!/ #A&/'B&<P&&0!

#B8<#<IA&BB! /A‘!"; 1#0:1=&:%A867&!:8/.&=/#":8/<#OAKB5!<,&!/#$&! GHAREE A-$$%08<5!

S50#$8A/!-G!<,8B/<&$P-%":! B&!%0A,#07&!B%<!0-P!<,&B8<#<!A&P/%"!B&A-0<87%-%/'80!

| #A&)>-=1<,&1=#0:-$5IG=#?$80<IG0:/A#.& L ..., 4o 2<,&ED% 8 8B=8%B! <& =$BF &=/8<5!

S ndom !A#Oat,O/O/B&A;@HA%'#<&o!<&:$/!1.§&/<-01G<>/00A<183er»!/%B/<8<o/of/s§-lé5.L o1G-='801b)!

mal

C3#

& N 1 Iy 1 Ae 2 A 2 ! max
SC rsose V1) = Nandom (v 5 Aetv,1!) = Ceoneig (1 e v 202 ) ~ <21 29 (2222 1y )1

) )
Amax Amax o?

CE

Q&!F&=8G8& ! =&/%0%0$&=8A#..&0:8 @ME!<,&B&#0!.&=A&0<#B&=-=ICI[(BP#/!'&//!<,#0!
Lo #0:!A#0!B& #<<=8B%<&&+&==-80,&=&0<!<-I<, &I A%==&0<!$&<,- /I G-=1&F#%#<807?!<,&![=&/<-0!

G%0A<8-0!3QREBP5&=1g!7-=0&"131JKE

Analytical solutions for complex landscapes: incorporating
effective connectivity

Q&! #F&!I<,%/IG#=IA-0/8:&=&:!<,&!8:&#'8C&:|A-0<8?%-%/'#0:!=#0:-$! #B8<#<! #&<&+0/2!1B%<!
‘#0:/A#.&/'& @ ,8BB$&!80<&=$&:8#<BEH#?$&0<&#<8H'/<=%AIBE.) | 1E#<B/! &/ A=8BIB5!
0&8<,&6G!<,&!1&@<=&$&!A#/&/'A-==&/.-0:8O7RC3ED: ICME!C6.. 8@ &=&!8/10-1/807'&!

$&<=BAI< #<1&0<8=&'5!A#.<%=&/IG=#?$&O0<#<PDONJRIBKOK#$-0&A-'-78/</!1-0!<,&!/<=8A<!

13!



!
31N :&G808<8-06&#?$&0<#<EOP=!/<=#<&?5!,&=&I8[8/&.1<,8/!:&G808<8-0#'18//%&!#0:180/<&#:!

313 80<=-:1%AMK<=8A/I-G!<,&!I'#0:/A#.&!< #<BE& HO8/<BA#BH.-=<#0<!G-=!/.&A8&/!:8F&+/8<5)!

31K Q&IA-Oh&A<Y%=&:I< #<HIG=%8<GY%'I#..=-#A,|G-=1:&F&'-. 80?1 G=#?$&0<#<8-0!$&<=8A/I=&' &F#0<!
310 B8-:8F&=/8<5!P-%"IB&!<-IA-0/8:&=1G=#?$&0<#<8-01G=-$I<,&!.&=/.&A<BF QRGPHBBES)IS

3311 *p&I<-1<, &1/ #.8!-GIHIG=#?$80<&:! #B8<#<21<,&I&GGEABREEBI MGt 1$-F&S&O<IHA= /1!

331 G=#?$&0<&:I'HO:/AH&$H5!:8GGE&=IA-0/8:&=#B'5IG=-$!<,&!80<=80/8 Al :BRE&E &A<&:!

333 $-F&$&O<LGI<,&IHS&I<H@MHA-0<82%-%/I"H0:/ADIRE!: &F & & H0 ' &GGE&A<BF&!:8/.&=/#4

33M  $&<=BAI2IP, BAIGIAH AV H<&:P-=8<, $8AH B!/ &b%E&0<8H"5H..'58NBY. &=/#1&F&O</IH#O:!

33U =&A-=:807!< &k#'8/<HOA&B&<P&&OME&EH I H#=<I#0:180:1.-80</)!X5!=&.&#<807?!<,&!.=-A&//!

33H  /<#=<80?!G=-$!:8GG&=&0<ABBEMREI?808=#<&:I< &I$&HO!:8/<HOARHF &"&:|-F&st!

33N 280&=#<8-0/1G-=1<,&!'#0:/AMI&'#<807?1<,8/1:8/<#OA&! BHAR<2&0&=#<8-01&b%8F# &0<I?8F &/!
33)  -%=I&GGEA<BF&!:8/ &=/#| #=#$&<&E!- TIC6..&0:B@IEF! > ! I<,8/1$&<=BA/IPES?,<I<-!

33K <,&IA-00&A<BF8<5!80!A=8<8A# =8FBIP/8A,|$#05!'80&#?&/! #//-F&=!"-07&=1<8$&!/A# &/)!SO!
330 -%=IA#A%'#<8-0/IP&I%/& 11 /! 2<,&1&@ .&AL&ABIEG <GS B8/I$&HO/I< #<I< &I'HO:AH.&!

M /<=%A<%=&!/%==-%0:807!<,&IG-A# #=&#! #/180G'%&0A&I?=-P80?IP&H#T&=IP8<,:8/<#0A&2!B%<
3M1  c&=-1-0'5!0!.#//807I<,&I=#0?&!B-%0:#=5!-G#OWF&=#7&!/.&AB&/.=&/&0<!80!<,&!G B4#'1=&78-0)!S

M3 $-/<IA#/&'<,&!&/I<BSH<&I-BAOF&=?&:IG-=I$%A,!-P&=F#%&/'~G1000)!

MM  Q&!<,&01&G8A8H0-<,&=0D-F&"1$&<=8AH#<P&IA# K CG&A<BF&!A-00&As3PBAHA-$BB0&/!

ML <, &.=-.-=<8-0#'| #B8<#<IA-F&=PB&! & GG &A<BF&!:8) &, 8HBH#T &/!-%=1$&<=8Al#!G%0A<8-0!-G!
3MH B-<,! #B8<#A-0G8?%=#4B-:0!=-.&=<8&/!-8)&!<#G!80<&=&/<2!.8/<807%8/,80?!8</&'G!G=-$!-<,&=!
SMN '#O:/A#.&!$&<=8A/I< #<H<BA#"5IA#.<%=&! #BBEEPY%=#k8H) Q& !:&GBOKEG&A<BF&!

3MJ  A-00&A<8HB<8#/80?'&!IA&B0!<&=%/!-G!8</I/b%#=&:|F#%&2! R, BANBIH=&B&#0!.8/<#0A&!

1M



3MK

3MO

3LI!

3L1

3L3

3LM

3LU

3LH

3LN

3LJ!

3LK

3LO

3HI!

3H1

3H3

3HM

!
<=#F&"&:.&=1?&0&=#&B4'80&#?&/!/<#=<80G=<A&2!8G!<,&IA&"I8/! #BEWAR218C ! A&
8/10-<!,.#B8<#<!C8)&)24&800-! 80:8F8: U6 F&=#780?!-F&=1#"IA&"/'?8F &/!<, & & GG &A<BF&!

A-00&A<8F8<5!-GI<,&!IRO&A#.&U
C!Z =h-| !! !
CE

P,&:&h!8/!<,&!.:-.-=<8-O!-G!,#88<#<!A€F&=4A!—!!E#O:!0! 18/1<,8& GG &A<8BF&!:8/ B#MH&G80&:!

#B-F&)

Q&IG-%0:!I< #<I&IA#' A% '#<8-0!G-=!1& GG&A<BF&!A-00& A<8F8<5! A#0!B&KE#CHBR!: | P8<,!
#AAY%=#AS5!80!&b%8BF#'&O0<!A-$.%<#<8-0#'1<8$&!<-I-<,&=I"#O:/ AR BEKFRAH?&! #<A,!/8C&!
#0:1&:?& <- #=&#|=#4BI&&!"&//&'B#=gtlal.|311OFQ&!%/&:1&%=8/<8Al#=7%$&0</!80,&807!
&GG&A<BF&!A-00&A<8F8<5EHR&=8ARIG-"-P80?!#0/#<c!Gb%8'8B=8%%!/.&A8&/!=8300C&//!
0&%<=#'$-:&'|-01#1G=#?$&0<&:I'#O:/AH#.&

& 2 " 2 L (A
S(L” , O ) ! !!"#$%&(A6!V,Ce) ! Celp<c_||v>l

e

CE

+,813-<8F#<8-01G-=1<,8/IG-=$%'#IA-$&/1GEIBD<%8<8-01<, #<I# 280&=8AI'H0:/A#.&I 28F &/I<, &I /#$&!
0?_<&=$!=&/%'<I#/1HIA-0<82%-%/'#0:/A#.&IP8<, #%7$&0<&:1:8/. &=/#1<-HAA-%0<IG-=I<,&IA #0?
A-008A<SFEHBI@.&A<&ID)! CHEL:%A&/<H) C3BO!<, &I/ &ABH I A#/&I< #<I<,&!'H#0:/AH#.&I8/!

A-0<87?%-%0:! <-I(b)!ICME Q. &ABH | A#/&I#<I<,&!'HO:/A#.&!8/!=#0:-$'5! G=#?$ &0}k &:

1!



3HLU

3HH

3HN

3H]

3HK

3HO

3NI!

3N1

3N3

3NM

3NLU

3NH

3NN

3NJ

3NK

3NO

3JI'!

3J1

Verifying analytical results

Q&IA-0GB=$&B5!/85% #<8QH<!-%=10&P!?80&=#'/-'%<8-0!G-=K88!/.&A8&/!=8A,0&(b) | CHEE
HAAY=H#<&'BISH<A &/I8$% #<&:/ &AB&/I=8A 0&/BEEIBAMAS?)!"ME)!+,&IH0# S<BAH IF# %&/!
HF&I1%0:&=11101f[(! #A=-I1#0:/A#.81<5.8 ICK)0210)01#0:1L) 30! G-=t&H# 21 A'V/<&=&:H0:I=#0:-$!
HO:IA#.&I21=8) & A<BF &5EDIA-$ #=&: H#2#80/<!/8$% H<&:IF# Y88, .-P&=1-GI%=1#..=-#A,!

A#0!B&!/&&0!B5!=&#==#{PBOPIE!<-I7BF &

%!A(L!v!az)! w(i—%u) !

CNE

(b)!CNER:8AL, #<I-<<8071&AB&/I=8A, 0840:! & GG&A<BF aB#=d#8I A &B5I&GGRA<BF&!
A-00&A<BFEEIRY-IF&=IY%/EN-%': | A#OL/&I<, 8B4/ 1G-=1#"|G=H#P$&O<&:IHO:IAH &N <-1A-"#./&1-O!

<-1-0&!A%=FR&IF&=8G8BNPH#/\<=%&!G-=!#"1-%=1/8$% #< &R BE!:&/.8<&!< 8478/
F#=8#B8'8<5!:8/.'#5&:IB5!<,&!%0! 648G 87?) Y, 8I/A#'80A-"#./& F&=8Q8&I<! P& A#O!
&I<8$H<&. &AB&/!-/!B5IA# A% #<807?1h0%/<I<P-| #=#$&<&=/1G=-$!-%6=G=H#?$&0<&: I'H#0:/A#.&!
B.GG&A<SFEI#HEHI&GGEA<BF&IA-00BAEBESL %6?2807!<,&10%$B&=/186h) CHE-80?!

J-] .=-1%A& 10-<&P-=<,3&==-={0'5| G-=1#$#"10%$B&=!-G &ASH | A#/&/\A-==&/.-0:807!<-!
A'%/<&=&:I'H0:IA#.8I8<, |8 @<=&$& 5I&B GRA<BF&IA-00&AEBRE<BI =&/&0A&!-6?, 5!

8/-#<&: IHBS<HBUHO! §'ROVA,I'HO:/AK.&I21< BE% H<&H0? <&=$!=8A 0&PH =8 #<SF&'5!
8?,IB&AHY/&!-G1&0:8$8/D!<, &P/ H0:/ @I BU &IA#'80?1%/&:1<-1 =-:%A&! (D) SHID-<I#AA-%0<!

G-7#%A ,&0:&$8AK0:! <,%/%0:&=&/<8$#<IELAB&/'=8A,080T/I&&!6..&0:8 @BV

1H



333 Extinction debt

3IM  Q&W..'8&:1-%=0&PHO# 5<BAHI$&<,-1/I<-I< &1 =-B'&$!-&8$#<807?!& @<80A<SEW! &B<!
3L G=H#?$&O<&:I'HO:/A#. B &1% &=I#0:I"-P&=1B-%0:/1-0 I/ &AB&ABA, 0&/8$$&: BH<& 5IHG<&=!
3JH  #BB<#<!/IB-128F&BH %&/-GI<,&IG=#?$&0<BOBROKO: &O<! #=H#S&<&HARH,» HO:| cEH=&!
3JN  ?8F&O0!B5-=$%'H#ACT,8/,-'$! et al.IC3I1KIR%=10&P!=&/%'</!.=-F8:8A&&/.-0:802&/<8$H#<&/!
3JJ1  -G0?_<&=$-//) \Q&IAH AY%'H#<®G..&=1#0:"'-P&=1B-%0:A0! | ,IG-=I&#A| ,,|G=-$!< &!$808$%$!
3K HO:ISH@BSYS FHYBM=-1/'H"1< &I=&H'#0:1/50<,&<BAI'H0:/A#.&/d!<,8/\80BERBEY0:/1-0 !

3]0 &GG&A<SF&IA-00QAHBFBIE8SH<& SIICF8#! (b) CLEE2!=& BEHERLBE/HH0:| P-=/< AH#/&!
3KIl  /A&OH#=8-/IG-8P <&=$!/.&AB&/1=8A,08NG=#?$&0<&:I'#0:/A#.8&L6..80:8 @E)-==£.-0:807!
3KI  &/<8HH<&/TR@<BOA<8-0!:&BRBEGBOHB/-'%<8I<&HHS | S-=1801=&'#<8F&I<&={1#/S)/

3K3  S5,2!P,&=4&} 18/1<,&!/.&A8&/1=8A, 0&//1-G!<,&1-=8780# I'HQWAH.&

3KM  6A=-//'#1=#0?&!HGI<8#'| | A#' &K, » E2!'&F&'/!-G!,#B8<#<!Aﬁ&§!@):80<=80/8A!:8/.&:/#'!
1"#

3KU  #=#$&<&=NE2!SR:BH#<&I&AB&/M/P#/! A-0/8/<&0<'5!/%B/<#@B#o<!%/%#"5!=&O=R/&&//!

3KH  <,#0!HIo!-G!/.&A8&IBA,0&/F87) ) X5!A-0<=#/<2IP,&0!& @ <80A<8-0!H#HB<BEHE& | Ql<-<#'l

3KN  '-0?_<&=$!'-//&/'P&=&!%/%#"5!-F&=!HI0!#0HB05! A#/&/'\A'-/1&!<-11ll0)H,&!b%# 8<#<BF &!

3KI =&#<8-0/,8.!-8$P&:8#<&IH#0:!"-07<&=3//I<-I] #<8#'||A# &P#/A-0/8/<&OHA=-//\H=HP&<&=!

3KK /&<IC6..&0: 8@ UHD <B0AKEEHRCE0!=& #<8F & <IRHIER 0&=#"1$# @ 8P#H#<!80<&=$&:8#<&!/AH#'&/!

3KO B%=<B$#88:!//&0/8<8F&!<-I<,&!/ #<8#'/<=%AEHALHBB<}K

301  6%$-0?!<,&!/%8<&!-G!'#0:/A#.&/180!-%=!<&/<B&&IKI&D:/A#.AG=-$!/#<&"8<&! #H&!$-/<!
301 =&'&F#0<!@$B=8A#".=-B'&JR%#BS%'#<8-B#/&:1&/<8%#<&/!-G!'-028&=$!/.&A8&/""-//!-0!

303 <, &/&I&HHO:IA#.&IIG&P8<,80,&K,&-=&<8AH#'|B-VIBE-$!-%=G-=$%2H/'& @ .&A<&:2!B%<!

IN



30M

301

30H

30N

304

30K

300

MiI!

MiI1!

MI3

MIM

MiL!

MIH

MIN

MIJ!

MIK

MIO

M1l

M11

[
&@,8BBHISWA,0#==-P&=I=#0?&!-G!F#'%&H</805=-$!-%=!/50<,&<BAVA#.&/ ) >-=!/$#"
=&#'I'#O:/A#.&/2!<,&! &=A&O<HORI<&=FL &AB&/'-I/'\P#[ #..=- @8$H#<&'5!&Db%#'I<-1<,&!
&=A&O<#?&!-G! #BB<#<IIPNE)!6<!80<&=$&:8#<&!/ #<8#'|/A#'&/!<,&!. & =ABD <HE>EH &AB&/!
Y PHN?=8#<&I<UKB@HS.'&2!G-=I<, &) #=#P&<&=IF#'HFNBD0? <&=F.&AB&/!"-//I-0!=&#']
#0:/A#.&/'P#/! Olj OHo#<!80<&=$&:8#<&!/ #<8#'|RIB&'KI0!-G! #BB<#<!P#/!'-JBIF&=51=7&!
IAH#' &PP&IG-%0:1< #<I<,&!/<=%A<%EEIHE)./A#. &K &0 &: <-18$.&:&!:8/.&=/#2R#:80?!<-I'-R

¢, IFH#'%&H#0:I-0? _<&=$!/.8AB&/I=8A 0&//!F#%&/| AHERL, &-=&<8A#PI&=IB-%0:1687?) )

SHO&@#3P.'&#..'8A#<8-0!-G!-%=1$&L&I<8$#<80?!<=&&!/.&AB&/!'-//1&/!80!<,&!6$#C-0!C>8?)INE
<,&!.=&:8A<&:!/.&AB&A,0&IP#/IA0/8/<&O0<™B\'-/&=I<-I<,&I<,&-=&<BA#''-P&=!B-RIO&EH"2/& !
&=A&O<#?&!-G!/.&AB&/!=&$#BOBITZVo0A<8-0!-G!/ #<8#'||A#' &!G-"-PHBAAY=F &0 |=&#'!
‘#0:/A#.&/'CG8?)E20: 1 #AA-=:807'8]&!I<-<#&=A&0<#?&!-G!/.&A8&/!"-/<IC&@<80A#B0!:&B<
8$$&:8H#<&!"-//I<-?&<,&HC-"-P/'#],%$. | #.&:|A%=F&p0!>8?) | HARASS#=8c&=#.,8A#"H,&!
&@.&A<&:.&=A&0<#?&!-G!/.&AB&/\=&BHENBER0?&!-G!'&F&'/1-G! #B8<#<!' AHAOLA<8HA8<5

H#O: I HA=-IM=HO? &G #<8#'AH' R/

Q&!G-%0:!< #<I<gI<! A-00&A<&:!/A&O#=8-180!-%="B#& <, & B&/<A#/&!/A&O#=8-1G-=!I"-0?
<&=9%$!/.&A8&/I=8A,0&//!C'-P&/<!/.&AB&IBIFER0 | #B8<#<!'-//\8##0:-$)! Q&! A#0!b%#0<8G5!<,8/!
B&/<A#/&IA&O#H=BBE#TB02)&!-0? _<&=$'&AB&/1=8A,0&//'G=-$!#!=#0:-$'5!G=#?$&0<&!

'#0:/A#.&!:8F8:&:1B5!<,&+8780#&A8&/!1=8A,0&//'BB-0<87%-%/!I'#0:/ AHIK

Al 2 !
R ! o 11/( max’v)
! 1"#$%& (!max!A! ” ,! 2) | I max 02 Ae

2 :
Scontig!! max'V!U ! O-ZI{I(A'm_gx’! | * max

1J



M13

M1M

M1L

M1H

M1N

M1J

M1K

M10O

M3l

M31

!

+,&=8&G-28<, BE&/<AH#/&}=-.-=<8-0!-G!/.&AB&/!=&$#8080™,&I0? <&=BG<EABB<#<N 18/!

&b%#'I<<l &!.=-.-=<8-0!-G! #B8<#&$#80807? = IA—!!(>8?)!H§M,8/!:&/%'<!#'/-!?&O&:#'8C&/!<-!<,&!
Ping

A#I&IP,&=&!<,&!'#0:/A#.&!A-0/8/</'-G!$%'<8.'&! #B8<#<!<5.&HRFABN?1#0!80:&.&0:&0<!08A,&!
G-=1/.&A8&/!<-I-AARE/%$807!<, #<IP8<,80!&#A,!08A,&!/ .LOBBBIN/#=&1K %<386..&0:8 DE)!

(F&0!<,8/'B&IHI&-0? _<&=$!/A&O#=8HI%B/<#0<8#"5!P-=/&!<G#BK.:8#<&!"-//|A&O#=82

P &=8<,&I0%$B&=1-G!/ &ABBR<BHBIH#BOBEIY P#5/,82,&=1< #O-—IC8?) B+ &!

8%.-=<#0A&!-GI#AA%=#<& 5I#AA-%0<80?!G-=!&@<80A<8-0!:&B<!8/1%0:&=/A-=&:|BSI&BA-$.#=8/-0
<=#:8<8-0#'.-P&#P!"64#..=-#A, 2!P,8A,!80!#!/A&0#=8-!-G!3l0! #B8<#<!=&$#80BAR/!< )&

N3 KHo!G!/.&A8&/!1=&$#808821&0:8@! 2E!/%B/<#0<8#'|-F&=&/<BPB &1 <-1-%=I=&/%'</!

C87) 1 !

1K



M3z Discussion

M3M "B8<#</! 8/1#%B8b%8<B&M<%E-:&=0! '#0:/A#.&/2B&<!P&&8"HATHIG%0:#$&0<#'!

M3L 90:&=/<#0:80?!-GP! 8#GGEMB8-:8F&=/8B5<,!80%,&!/,-=< <&=$!#0:80%,&!"-0? <&=$#G<&=!
M3H =& #5%$&0<!-G!&@<80A<8-0F&BEHGEA</!-G!G=#?$&0HBB-BF&=/8<5!80! . #=<8A%H#=<'5!
M3N :&B#<&:C>#,=87!311Jd!>'&<A&t&# 131 1KEG%& '&#=<"2!80!-%=FERBPHUAT!-G!A'#=8<5!#=-%0:!
M3Jd  ,-Pl<-Ib%#0<8G5!G=#?$&0I4BLO-%8&/.-0/&-G!B8-:8F&=/B<B=#?$&O<#<BD&'5!F#=8&/!
M3K  #A=-//'/ #<8#'|#0:!<&S.-=#'I/A#'&0:! 8/HGG&A<&:IB5!.=-.&=<8&/!-GIBASKHAO: '#O:/A#.&/!

M30O C;80:&0%#5&¢t al.!31112!311Hd! (F#0/kt al.!311IE"&=&R\# F&G-A%/&:!-,&! TO-P'&:?&!?#.!

MMI  /%==-%0:807?! #B8<#<!'-/[2! #B8<#<!G=#?3$&0<#<8-0!#0:!& @ BRI AFB0 FEBERO & RD#'5<8A#H']
MML <=&#<3$&0</!-GHLB8#"'5!&@.'808U<1#:&' IC(b)!CHEE)P!P&!G-A%/!G8=/<!-0!-%=I<&A,08A#'"

MMB  =&/%'</1#0:1<,&0!-0!<,&!8$.'8 A#<8-0/IG-=!<, &I G=#?$&0<#<8PL & B=<&:'5)!

MMM R%B&%<4$:&'! #AA-%0<!G-=IG=#?$&0H=84P0&P! . #=#$&<&2P,8A,$&#/%=8&

MML '#0:/A#.&/'<,=-%?,!<,&!'&0/!-G!<4& @#!B&80?!/<NBR H#=<8AVSHSC&A<SF &I #HH

MMH &GG&A<BF&!A-00&A4BHREOSBGS!A-0A&.</I< #<! #F&!'-0?!B&&0!A&NSGHICED!

MMN  A-0/&=F#<8R%&GG&A<8F&!#=&#! #788&E46Y%$B&=!-G!80:8F8-H#08/$/=&$#80807?!80!

MMI  <,&!G=#?3$&0<&:'#0:/A#:1<,%/'80A-=.-=#<&/! #B8<#<!b%#'886!8B58:%0&0/8<85-=!<,&!

MMK <#@#!-GI80<¥RE&FEGCGEAFBPBRRA<BFELBIP&<&B0<&?=#<@W=< EL&A</!-GHBB<#<!

MMO /<=%A<%=&!#0:!:8/.&=/#"$&A #O80K:-#807' & F#&A#.<%=807?!B3=&/<=8 A<8<08-F&$&0<!

MLI  80!<,8#0:/A#.&!G-=I<,&!I<#@#!-GI80k&&&B<-#.&=!'&//-0!,&=&!8/I<,#<I#05!B8-'-?8A#"5!

ML1 $&#0807G%'I$&<=8A!-G!G=#?$&0<#<8-0!$%/<!<# BOEIFRRABE&G!<,&!P-="2!=#<,&=!<,#0!B&807!

ML3 B#/&:!-0!,%%#0!.&=A&.<8-0/I-G!P,#<!I"G=#7$&0<&:a!'- 348

10



MLM

MLL

MLH

MLN

MLJ

MLK

MLO

MHI

MHL

MHB

MHM

MHL

MHH

MHN

MHD

MHK

MHO

MNI

MNL

MNB

MNM

MNL

I

Q,#<!:87=8&!-G!/. &AB&/!-/[| A#0'B&I& @ .&A<&:!80!<,&! 1BOIEIEN 6<=#$-rBIF &0S0!- %=
B&/<AH/&IALOH=31'-02<&=3!/.&AB&/!'-/B/!/%B/<HOBBIWNRIPB<, <, &!/#$&).=-.-=<8-0!-G!

| &AB&II-I<IH/1<,&! . =-.-=<8-01-G! #BE<#IMY<==58082#"1-%=!8 @#$.'&/|BH/&:1-O8H'
G=#7?$80<#<8-01$HAB?) RS INEH=E&F&0!$-=&/&F&HRI A'-/&=1<-I< &IP-=/A#/&!/A&O#IB-
+,8/Y%6P28/</1< H=E&H S| <BBH AH.8&! #<<&=08.@ ,8BBO/8: &=HBWc=0A<%=#'8%$.8:8$80</<-!
A-008A<8PBE<,&!=&#1P-=F2&=8&!A-$.&<8<8F&I&@A'%/8-01#0:|&0F 8=-0$&0<#'l/<-A #/<8A8<5!
HAAL'&=H#<&IA #0?&B&5-0:1< &1 #A&!-G #1089 <!G}#45%%¢, 05t al.!311HA!*#080€t al. 13| INE!
#0:1P,8=81:8/.&=/##A=-1/I< &$#<=8@'$#5!80A=&#/8!$-=BBHBA!:8F&=/8<5IA-%'B&

2=8#<8<8Y

RO&!.=&:8A<8-0!-G!-%=1$-:&'18/!< #<I<,&MBREL/ A&O#H=8-0? <&=%!/.&A8&/!=8A,IRAHD: &+
GC8@&&#'#=&#!-G! #B84H2B/H!=#0:-$ 'SIA'&#=&:I'"#0:/A#.8\-==&/.-0:807?!<-I<,&8?,&/4
A-00&A<8F8<5!B&<HREOHAR")H,8/1.=&:8A<8-0!/,-%"|B&!80<&=.=&<&:|A#%<8-%/'5!B&A#%/&!-%=!
$-:&'1820-=&/1&:?8I& GG RIBHE&&!6..&0:8 @ AMEBA, | A-0/<8< VAL $.' & @ F#=8&<5!-G!&A-'-?8A#']
=&/.-0/&/ 2!P8<,!/-$&!-/8<8F&!B%+L'5! 0& ?#<8F&!&GG&A</!-0!:8F&=/8<5)!6'-0?!&:?&/2!/&0/8<8F&!
|.&AB&/IA#OIB&!:=8F&0!<-1& @<80A<8-0!B5!.=-A&//&/'80A'%:80?!#'<&=& | $BA=EM BHH<&!-=!80
#AA&//8B8'8<5!<-.-#ABPE&=/!g!*8: #$!3IINd!(F#0/let al.!311IEH,&/&!&@<B0A<8-0/!A#0!#'/-IB&!
SHIT&: #'-0?1&:?&/'B5!180A=&#/&A'| #B8<#<!:8F&-)IBLH=!$-:&'IA-%"|B&!& @<&0:&:!<-180A'%:&!

&:?&1&GG&A</IB5!#..=-. =8#4 0T BRE CLA<BF 8H-&@H' 8C&! &: 78

R%=I#0#'5/8/! #/'&@.-/&:!-0&! ?&0&B#H#HA' & <-1#!=87-=-%/!A-0A&.<%#'|G-%0:#<8-0!-G!" & @<80A<8
:&B<J6!.=#A<8A#'1:&G808<8-0!-G!&@<80A+BWREB#EDD!B8-'-?5!P-9B&!B#/&:!-0!#!
<8$&/AH'&I<,#<!18/1"-0?1&0-%?,!G-=1#!0&P!&b%8'8B=8% 3! <-1B&<&HB &1 ?$&0<2BBQ/,-=<!

&0-%7?,!<,#<!10-1/8?08G8A#0<!/.&A8#<8-0! AARAPNE!I &A-'-?8A#'1#0:1 &F-'%<8-0#=5!<8$&/A#'&/!

31!



MNH

MNN

MNUD

MNK

MNDO

MJl!

MJ1

MJ3

MJIM

MJLL

MJIH

MJIN

MJJ

MJIK

MJO

MKI

MK1

MKS8

MKM

MKL

MKH

MKN

[
-F&="#.1&)728@>8?)A!P,8AIB0:8A#<&/!=-% T IR111!5=R2!8<!B&A-$&/!8%.-//8B'&!<-/#<8/G5!B-<,!-G!
<,&/&!1=&0%8=&$&0</!/880&-%/'52!B&A#%/&!<,&=&!8/10-1<=%&!&b%8'8B=8%%$!-0!<,&!&A-'-?8A#']
<8$&/AH),8/!/%??8&/,#<!:&GB080?!&@<80A<8-0!:&B<!$&#0/!/.&A8G5807?!#!<8$&/A#'&!-G180<&=
#0:1<,#<!<,8/1A,-8A&!P8"180&F8<#B'5!B&!/-$&P #<!#=B8<=#=5U!<,&!<8$&/B#H & %/ B &!

$-/<I&@<80A<8-0/'<-I-ABY<!/,-=<1&0-%7?,!<,#<!/.&AB#<8-0!8/!/<8"I'#=?&'5!8E=& '&F#0<)

f-F80?!B&5-0:1<,&!.%=F8&P!-G!A-0/&=F#<8-0!BIR&M& &!<,#<VIF&=5!"-0?!C?&-'-?8A#'E!<8$&!
IAH' &BG=#?$&0<#<8-0!A#0#A<%#"5!80A=&#/&!:8F&=/8<5!B5!.=-$-<8028 QA BL(R. & P!

H=t- @BAH'\< #<I#0<,=-.-?&08A! #B8<#<!|G=#?$ 8OELBHOH"5!<,- V% -1 BAB#:!G-=!
B8-:8F&=/8<5!P,8'/<!?&-"-?8A#'| #B8<#<|G=#? SR BAHAEEFK-1B0A=48# 8F&=/8<B& ! <-!
|.&AB#<8-01#0:1<,&!-=8780!-G!&0:&$8A/!180!8/-'#<&:! #B8<H#loAsIA/8I, &!8/'#0:/!-0!
#=A,8.&'#?-JH,&!.,&0-$&0-0!8/!-G!?=&#<!80<&=&/<!80!B8-?&-?=#.,5U!=& .&#<&:!B-%</!-G!
G=#?$&0<#<8-0!#0:!/.&A8#<8-0!-F&=!?&-'-?8A#'1<8$&!8/.&8BY)5-=/&:!<-1&@.'#80!<,&!,8?,!
:8F&=/8<5!#0:1&0:&$8/$!-G!&A-/5/<&$/'=#0?7807?!G=-$!<,&!6$#c-0!<-I<,&!"-%<,16 G=8A#0!G50B-/
C6"/-. 1 &<!#")13I1LEESEY!.'&#/807!< #<!#!/80?'&!%08G8&:!$-:&'.=-F8:&/!&@.'#0#<8-0/!G-=!P,5!
G=#?$&0<#<8-0!A#0!:&/<=-5!B8-:8F&=/8<5!-0!/,-=<!<&=$!<8$&!/A#'&/2!5&</&&KB$&/! G-
B8-:8F&=/8<5!-01?&-'-?8 A#'| <8 S &TAG&KIB..&0:8 @)E/-2!<,&/&!=&/%'</,87,'8?,<I<,&!A-0%0:=%$!
< #<I=&A-00&A<807!,8/<-=8A#"5!G=#?$&0<&:I'"#0:/A#.&/'A#0O! #F&#10& ?#<8F &!8%.#A<!-0!B8-:8F&

#1<- BAI< #<IP&!'"&HB &G %<%=&!R-=T

48&<%=0807<,&!0?7-807?G=#7$&0<#<8-0!:&BEx=&,=87!311J2!3110d!>'& <A RA3I 1Kd!>#,=8H
al.'13110d!f8"&=%/,8074t al.!3|110R!P&4/A=8B&&!A%==&0<!8%$.#//&! #=<IBICGC&=&0A&/B0!
%0/<#<&:#/1%$.<8-F#:&!B5!<,&!-..-/807?!/8:&/2!P,8A,!80!<%=0%8&!<-1#!=&'8#0A&HH0'5!-0!

F&=B#'#=7%%$&0</!80/.8=&:!B5!80<%8<8-0!#0:!'8$8<&:!&$.8=§|SBI&IFS: QIBALH OE& <& '2!
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MKJ

MKK

MKO

MO!

MO

MOB

MOM

MOL

MOH

MON

MOU

MOK

MODO

LIl !

LI1!

LI3!

LIM

LIL!

LIH!

LIN!

LIJ!

[
<,&H#0/P&=1<-1<,&1G=#?$&0<#<8-0!b%&/<8-Bt8BIPSH 1#0: | A-0<&@LD: &0<2!/%=&'5!8<!$%/<!B&!
[-180!=&#'8<5!#/IP&,R=&G-=&2!P&!&O0A-%=#7?&! #=<8A8.#0</!180!<,&!G=#?$&0<#<8-0!:&B#<&!<-I<{
H#B0/I<-I$HT&!&@.'8 A8<!<,&8=!#//%$.<8-0/1#B-WHNH&R!<&S.-=#'|| A# &4 24@-0-$8A!/A-.&2!
#0:1<,&!:&G808<8-0!-G!G=#7$&0<#<Bf8EHBP< B<#<GBRAL #08/<8¥t & "80?!A-%":1,&'".180!

<,8/1=&72#)

X&5-0:1<,&/8?&0&=#KA-$$&0:#<8-02!P&!,87,'8?,<I<,=&&! T&5!$&//HB&H, &! G=#7?$&0<#<8-0!
:&B#<&H8=/<2!<,&!=&/.-0/ &} LABEK-IG=#?$&0<#<8-0!:&.&0:/10-<!h%/<!-0!<,&!#==#0?&$&0<!#0:!
#$-%0<!-G! #B8<#<!"-//2IB%<!-0!&A-'-?8A#'].=- & =<8&/&BB& AL, &$/&'FELBOA'%:808/.&=/#'
#B8'8<5)!I"&A-0:2!<,&!'<R=3$!/.&A8&/!"-/['G-"-P807?! #B8<#<!I'#OMB&!:=#/<8A#"5!:8GG&=&0<!<-I<,&!
8$$&:8#<&!/.&AB&/!'-)>80#"52!b%#0<8G580?!G=#7$&0<#<8-0!80!#!$§ A SORI%BBIPH#5b=!

&GG&A<BF&!A-00&A<8F8<5!#0:!1& GG &A<BHRIIPEBHBAREEAL-.&="5!%0:&=/<#0:80?!8<M83$.#A<)!

Q&! #F&!.=&/&0<&: @& PHO#'5/8/!-GIB&A #08/<8B\ ! &'I< #< W"-P/1%/!<-!,-0&!-%=!80<%8<8-0/!
G-=1,-PI<,&!.=-A&/N-GIG=#?$&0O<##B- QBB <#<!'-/I#CC EI8F&=/8<5!-F&=!:8GG&=&0<!/ #<8#'I#0:!
<&$.-=#'l/A#'&/)B A #=#A<&=8c807?!<,&!=&/.-0/&!-G!B8-:8F&=/8<5!<-IG=2NBINFH <G #x!

:-807?!/-1 #AA%=#<&8H%8=&/I#0#..=-. =8#<&!$&<=8BA!-G!G=#7?$&0<#<8-0!<,#<!/.&ABG8A#"5!A-0/8:¢
|.&AB&IS&/.-0/&/1<-1G=#?$&0<#<8-0!C&GCG&A<BF&!A-00&A<8F8<5E)BIRD  BALIHI: 1#/1<,&!

G-%0:#<8-0!G-=!$-=&!/-.,8/<8A#<&:!$-1&71=&A#B0?!:8F&=/8<5I'-//

Acknowledgements
Q&< #0T!<,&!&:8<-=I#0:!<,7&R0O5%-%/ =& F8&P8G/=!,&'.G%" G &&:B#AT!-0!&#="8&=IF&=/8-0/!-G!
<,8/1$#0%/A=8'Q&H'/-! < #OT!Y#:8#,!]=8/<&0/&0!G-=IA-$$&0</!-0!<,&!$#0%/A=8.<!#0:1+#T!>%07!
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LIK!

LIO!

L1I!

L11

L13

L1IM

Lim

L1H

LIN

L1J!

L1K

L10

L3I!

L3

L33

L3M

L3u

L3H

L3N

L3J!

!
[*] "A,-#=/,8. )4)6)7IPH#/!%..-=<&:IB5!?=#0</IG=-$!<,&IOH#$&/)!") fA*-00&"1>-%0:#<8-0!
Cr331I3ILIIEIH0: I<,&!"802#.-=&!f808/<=5!-G!(:%A#<@O'E 1HLIIl 613 11LE)!9)4p#/!
G%0:&:1B5!IG&"-P/,8./1G=-$I< &I Y#<%=#(0F8=-0$&0<14&/&#=A,!7-%0A8'ICY (47E!CY(VSI311J02!
Y(V;I1IN11V1E)!+,8/1/<%:518/1#IA-0<=8B%<8-0!<-1S$.8=8#17-"82&e/!|=#0:!7 #"8&0?&/180/(A-/5/<&S$)
#0:1<,&!(OF8=-0$80<1808<813:8B8& Y0 #<8-0/|P&=&I=TU(B?, 1<, =-%7?,.%<IA-$.%<&!/5/<&$/1#<!

S$.&=8#'17-"&?&!;-0:-0)
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L3K

L3O

LML

LM1

LM3

LMM

LML

LMH

LMN

LMJ

LMK

LMO

LLI!

LLT

LL3

LLM

Lo

LLH

LLN

!
7,#F&219)!9!Y-=:&02!Y)IC3IIJE)!7,#0?&/!-G!/.&A8&/!:8F&=/8<5!80#!/8$%'#<&:|G=#?$&0<&:10&%<=

'H0:/A#.&) Ecol. Modell.213132!MLI)!

7,8/,-'$214)6)2!;8$2!>)21\&-,21\)")2!"&#,21Q)Q) 2! 7-0:8<2!4)!g ! 4&ZPO) | C3I 1KE)!" &jAB&SH!

=&'#<8-0/,8./'#0:!B8-:8F&=/8<5!"-//!80!G=#?$&0<&:'#0:/ AcbRL@tt. 2131 2!K|K1M)

7-0:8<214)28:#-21"21[t=&C214)21%-'80/21")X) 21>-/<&=214)X)!g!\%BB&"2!")[)! C3I13E) I X#==-17-"-=#:-1>-=

78&0/%/['-<"*#<#213113!n&=/8-0Jht. Trop. For. Sci. Databases)!

7-0:8<214)21[8<$#021Y)21:887,21()) 217, #F&219)21+&=B-=?,219)2bt-t# E2RNIBJ) XB.<BF &=/8<5!

80!<=-.8AH#'|G-=&/<!<SBE (80-. ).2!30H2!ININNO)

*#080-21f)2!", 0&=B2!Y)N2!6cH#&'&2!")21]%0802R(J®=2!*)6)!C3I1INE) !+ &I &G G&A<!-G!
&OF8=-0$&0<#'/<-A #/<BA8<5!-0!/.&AB&/I=8A,0&//180!0&%<=H'A/SEHEOBBA/PLIO2!

THRK1NL)

*8: #$214)])1g!;#P<-0219)N)ICLO00E)!(:?&!"<=%A<%=&*&<&=$808&/I< &!f#?08<%:&!-G!7,#0?&/!80!

fBA=-A'8$#<&!#0:IN&?&<BLB=%A<%=&!80!+=- 8A#'|>-=&/<|>=BB&PR!M12!1J)

*p==8<<214)!g!;&F802!")ICLIOONE)!" #<8#'1$-:&'/| GH=B/@ABEIF& Meor. Biol.211JO2!1j1TBJY

(FH0/211)9)21X#0T/21")7)21*=8/A-"21%)6)21"8AT/2!6)9)2!1f&'B-%=0&2!X)6)!g!*#F S &R }=}EBI 1.
0?7 <&=$I&GG&A</I-G! #BB8<#<IG=#?$&0<#<8-01:8GG&=IB%<#=&!.=& 8A<&:!B5!=&/.-0/&!<-!

$H#<=8@plogy2! OK2!KIE1Q)

(P&=/214)f)ig!*8: #$214)])!C3IINE)!7-0G-%0:80?!G#A<-=/180!<,&!:&<&A<8-0-G!/.&A8&/1=&/.-0/&/I<-!

HBB<H<IG=#?$&0<#BBIORev. Camb. Philos. Soc.2!K12!1111 3)

3u



!
LLY  (P&=/214)f)Ig!*8: #$214)])!C3IIJE) B8 <#<IG=#?$&O<#<8-0U! #OA, =&/<-0!-=! #EA:BR$m!

LLK Ecol. Evol.2!332!H11)

LLO  >#,=8721;)IC3I1IE)!(A--?8AH#14&/.-0/&/I<-"#B8<H<I>=H#?$80<H<SDIh=R&) \Ecol. Evol.

LHI! Syst.21LK200%=&%A-"/5/ 11IM1NI33N13)

LHT >#,=872!; R OE)"#B8<@<#?$&0<#<8-0WB#0:!1<#0?'&:1<#'&)Yob. Ecol. Biogeogr.2BK2!MIML)!

LH3  >#,=8721;)216==4:=5?7%&C2!n)2!X&00&<<219)4) 2 ¥£ 008, RHA) 2! THCE&<<#21()2!7%==882I%)9)2!

LHM C3I10E)!S/!,#B8=#2%&0<#<8-0!B#:!G-=!B8-:8F&8/8Bamserv.2!3MI2!1JDKN)

LHLL  >'&<A,&=214)9)21%8: #$214)]) 21 XfEBRI&2! 7) 2! X#="-P219)21(P&=/214)) 214-/8 IR RLKE)!S/!

LHH H#BB<#<IG=#7?$&0<#<8-0!?--:!G-=!B8-:8Ffiai/8%mzerv.2!33N 3! CH)

LHN  >-/<&=21Y):}20?-216)Ig!"-P&"21]);)!C3I1ME)!Z/807?!" & AB&IH#14&'#<8-0/,8./1<-1SO0G-=$! X#/&'S0&!

LHJ 7-0/&=F#<8-01+#=?&</1G-=I<,&!*&&.1Y-=<,|(#/<|6<Pt05 BMP2 K2 &HKOL 1)

LHK  18'B&=<2!X)2!:#%=#0A&2!Q)>)2!;&87?,21()])!g! Y#/A8$&0<-2!")())! C3IINE)! 7#0!0&% <=4k &-=5!.=&:8
LHO <,&1=&/.-0/1&/!-G!6$#Cc-08#0!<=&&!A-$$%08<8&/1<-1G-=&/<IG=#?$ &A= KB TANK 2INIIL

LNI! M1J)

LNT  A#:21Y))21X=0%:F8221:)6)2! 7'-B&=<219)2*#F8&/21])>) 2!I-0c# &C216) 264 RTBF)RIE ) I #B 8 <#<!
LN3 G=#7$80<#<8-01#0:18</'#/<807?!8$.#A<!-0!(#=<,e/\ 8- Kai<&dv.2!12!1& 1HIIIH3

LNM &1HIIH3)!

LNL  "#"&5219)f)!g!SP#/#2!\)IC3I11 YRo<=#'I<,&-=5!#/1#! =&:8A<-=I-GI#FB8G#%0#'| & @<80A<8-0/I#G<&=!,

LNH "-/)! Proc. Natl. Acad. Sci.2!11IK2!3M{LBM31!)

3H



!
LNN  A#"&5219)f)2!"?#=:&'82n)Ig!+=8#0<8/21])6)!C3I1LE)!(@<80A<8:R! FBXI&H=8H#!=& #<8-0/,8.U!

LNJ 6!0&%<=#'.&=/.&A<8Fah)Ecol. Biogeogr.2!3M2! J1NBM)

LNK  A#0/&02!f)7)2![-<#.-F21[)In2!f--=&214)21"#0A,&=2!f)21+%=06B#0-F#2!")6) 2!+ 5% Tt EB80#2!6)2!
LNO C3I1ME)!"82&/-'%<8-01?'-B#'1$#./!-G!31IA80<%=5!G-=&/<!A-F&=! AStioR&R!ML32! K HI

LJI ! M)

LJ1!  "#0/T82!S)!IC3I11E) " #B8<#<!'-//2!<,&!:50#$8A/!I-G!B8-:8F&=/8<52!#0:!#!.&=/.&A<8F&!-0!A-0/&=F#<

LJ3! Ambio2!LI2!3LK3HH)

LIM  AHO/T82!S)!g!RF#/T#80&02!R)!C3II3E) ! (@<80A<8-0!:&B<#<!& @ <8 TARRD! Bo&2 I N2INNN

LJL! NIM)

LIH  MHO/T82BK%=8<#211)#21X&"-Ab2!f)S)!gI45BSATS2!9)IC3 GHEPSRONERI#=8#=8'#<8-0/,8.)!

LIN Proc. Natl. Acad. Sci.2!1112!113J3131)!

LIJ  A&JI&'BH=<,2If)")])2!"A8#8082!f)21Q8<,21])6)2!Q8&?#0:21])Ig!Y-P-/#:219)IC3I10E)I'#0:/A#.&$&<=8A/L

LIK H#O1-.&0_[-%=A&A1<--"I<-IATBB<&IHO:/A.&I$S&<=GRBYraphy (Cop.).21&A-?)ILN1D)

LJO "%BB&"2!")[)!C3IILE)!+,&!Z08G8&:!Y &%<=#'l+,&-=5!-GIX8-:8F&=/8<5!#0:! X@ng?=+#.,5)!

LKI! Popul. Biol.211J2!MJH)

LK1  A06BB&"2!")[)211&2!>)217-0:8<214)21&-6M6#2!;)21]&"08=219)!g!<&=!"<&&?&I)WTIGH#O5!
LK3 <=&&!/.&AB&/IH#=8<,&=8&1801<,&!6$#C-01#0:!,-PI$#05!-G!<,&$!P8"1?-1 &< SNALM!

LKM Acad. Sci.2!11H2!11L OKIHIL)

LKL  J#5%c,0521f)21]#:$-0214)!g!" 0&=B2!Y)N)IC3I1HE)!610&%<=#<,&-=5!P8<,|&0F8=-0$&0<#

3N



LKH 1<-A#/<BA8<5!&@.'#80/!/<#<8AI#0: AbEHEB-<8&/!-G!&A-'-?8A#'| A-$$% 0 &FcBR LY. 2!

LKN 1K2!HJ3HKI)

LKJ  :80:&0$#5&=21%)X)!g!>8/A,&=219)IC3IIJE) +H#AT'807?1<,&! #B8<#<|G=#?$&O<H<STLHAA, =&/<-0)!

LKK Ecol. Evol. 213321131 M3)

LKO ;80:&0$#5&=21%)X)21fA7#=<,521f)1#)21[#==8/21][)&R!F):)! C3IE) "#B8<#<I>=#?$&0<#<8-02!
LOI! HO:/A#.&T-0<&@<2HO: IfHS$# 8#016//&$B #2&/180!"-%<, &#/<&=016%/4=ME#yhal. 21K 12!

LO1 JKJ JOJ)

LO3  :80:80$#5&=21%)X)21Q--:219)2!fAX%=0&52!:)2! X HE#DIFJRJ")7)!C3ILHE)!"807' &I #=2&!F&=/%/!
LOM J&F&=#1/$#"Ul+ &1 R"™"1:8B#<&1801<,&A-0<&@<!-G!B8=:1=8&/.-0/&/I<-# F#=8#B'&=8<&0<8-0!

Lou '-?780?!&@.&=8%&d+x)Ecol. Manage.2'MMQ2A) !

LOM  f#521>)214-/&0B#%$2!X)2!"A,%==21>)f)Ig! 7 ,#/&219)1)!C3I10E) !+, &!?&-$8B8=<BI<G!
LON G=#?$80<#<8-0U!(GG&A</!-G!/.&AB&/!:8/<=8B%<8-0!.#<<&=0/1-01& @<80A<8-0!=8/T!:%&!<-!

LOJ A-OF&=/8-Qtol. Evol.2!02!3JBUOIY

LOK {8"&08%$!(A-/5/<&%$!6//&/1$&0<)!C3IIHEFbsystem and Human Well-Being: Synthesis)Vsl. Press)!

LOO 18"&= 4%/,8072!6)9)BEHAT 2!14)X)21*&F8A<-=21n)217-='&<<214)+)2!7%$$8022![) ARULE-#2!4)2!
HIl ! C3I10E)!"-PL:-&/) #B8<#<IG=#?$&0<#<8-04GG&A<!B8-:8F&=/8<5m!6!A-0<=-F&=/8#'1b%&/<8-

HI1! A-=&!-G!A-0/&=F#<8-0!B8-BRB)Conserv.2!3M32!3TAIM)

HI3! Re*P5&=2!19)[)!g!7-=0&"IG8I1KE)!7=-/A# &I0&Y%<=H#&A-'-?5!#0:1<,&I$H#B0<&OHOA&!-G!

HIM B8-:8F&=/8$6)!Rep.2'K2} K)

3J!



!
HIL!  [8&=&B=#2I"))2IX-=%& u?%#2!;)!g!f#=<80/2!S)")|C3I&IRK=51#0:|/A#'&!80!/.&ABE#&H!

HIH =&'#<8-0/,8./Nature2! LK32IMNKI1)

HIN  4-/&0cP&8?2!f);)IC1O0$pE}les diversity in space and time)\7#$B=8:?7&!Z08F&=/8<5![=&//)

HIJ!  4-/&0cP&8?21f):)Ig'k8F21\)ICLOO0E) !+, &I&A - #<<&=0!-RBF- &ABRIB #<<&=01#0:!. =-A&//&/)!

HIK! Ecography (Cop.).2!332!NjLN3K)

HIQ  4-/80:&"219)!g!7-=0&"2!")9)IC3IIJE)!". &AB&H =& #<8-0/,8./IGHBIH<BH#'51&@.'SAB<I0&Y<=#

H1I! $-:8'1801#0180G808<&!"#0:/ABic8)!Lett. 2! 112! HKNOH)

H11 4-/80:&"219)!g!7-=0&"2!")9)!C3IIOE)!" §A8&# A%=F&/210&%<=#$-:&'[21#0BLOROAL!

H13 :8/.&=/#)Ecology2!O121 LI MIHI)!

HIM 4-/80:&"219)!g!7-=0&"2!")9)IC3I1IMERZN8!/A#'80?-G!/. & ABBY60:#0AL!:8/<=8B%<8-0/#A=-//!

H1l $%'<8.'&!/A#'&0Iko0s2!1332!11j11111)

HIM  4-/80:&"219)2!Q-072\)!g!(<8&00&2!4)")IC3IIKE)!6!A-# &IA&OA&ME. =-#A, I<-1] #<BH#'108&Y<=H#&A-'-?5)

H1N Ecol. Inform.2IM2!3}H8J1)

H1J 45B8AT82!19)!g!"#0/T82!S)'CRNIE&#!=&'#<8-0/,8./'#0:1& @ <80A<8-0/!A#%/&:|B5! #B8<#<!"-//!

H1K HO:1G=H#?$&O<#<BEBY!. Lett.2! IN2IBMIK)

HIO +,-$#/217)%)217#$8=-0216)2!|=8&0214) () 2! X# T T&O&/2!f) 2! X &#%$-0<2!;)9)2! 7-"80 ZHHAN)7)2!

H3l! C3IILE)!|(@<80A<8-0!=8/T!G=-$!A'8$#< Qldta@2R302! 1L }K)
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