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CHAPITRE 1 

MÉTHODOLOGIE GÉNÉRALE & TRAVAIL DE 
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CHAPITRE 2 

VERS DE NOUVELLES MÉTHODES D’ÉTUDE 

DES COMMUNAUTÉS DE REQUINS 
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>)4*!]!9<'*.'*0!=*4!60&:8*-'4!9F+-*!4*+=*!*4;C.*!;&0!0<&.')7-!*-!.(&t-*!;&0!;7=B8<0&4*!V^PNX!7+!>)&!

9*4!8<'(79*4!9<0)><*4!9*!=&!^PN?!3/2/!^PN!5+&-')'&')>*?!5^PN!Vb):4:&&09!*'!&=D?!"[KaX?!7+!*-.70*!

907;=*'J9):)'&=! ^PN?! 99^PN! Vj&/*0! *'! &=D?! "[KMXD! 3&! ><0)6).&')7-! 9*! =F&;;&0'*-&-.*! 9*4! 60&:8*-'4!

9FUSQ!&8;=)6)<4!*4'!47+>*-'!><0)6)<*!;&0!4<5+*-T&:*!9*!b&-:*0! Vj&/*0!*'!&=D?!"[KMW!%&(7-!*'!&=D?!

"[K#W! b):4:&&09! *'! &=D?! "[KaXD! 3*! 8<'&G&0.79)-:! 9FUSQ*?! .700*4;7-9&-'! ]! +-*! &;;07.(*! 8+=')J

*4;C.*4?!;*08*'!9F)9*-')6)*0!9*!8&-)C0*!4)8+='&-<*!9*!8+=');=*4!70:&-)48*4!4&-4!&>7)0!G*47)-!9*!4&>7)0!

"09#&.#&!5+*==*!*4;C.*!*4'!;0<4*-'*!Vi&=*-')-)!*'!&=D?!"[KaGW!�&8&87'7!*'!&=D?!"[KZXD!P*''*!&;;07.(*!

7+>0*!&)-4)!9*!-7+>*==*4!;*04;*.')>*4!;7+0!=*4!<'+9*4!9*!4+)>)!9*!=&!G)79)>*04)'<!.&0!*==*!&!=*!;7'*-')*=!

9*!.&0&.'<0)4*0!'7+'*!+-*!.788+-&+'<!9F*4;C.*4!4)8+='&-<8*-'!9&-4!+-!4)'*!97--<!*'!:0\.*!]!+-!4*+=!

;0<=C>*8*-'!V%)B&!*'!&=D?!"[K2W!^70'!*'!&=D?!"[Ka&XD!P*''*!&;;07.(*!9*!8<'&G&0.79)-:!*4'!G&4<*!4+0!9+!

4<5+*-T&:*!9*!-7+>*==*J:<-<0&')7-?!.7+;=<!]!=F+')=)4&')7-!9*!8&05+*+04!'&H7-78)5+*4!&44*R!:<-<0&+H?

;*08*''&-'!9F&8;=)6)*0! =*4! 60&:8*-'4!9FUSQ!9*!-78G0*+4*4! *4;C.*4!*-!8I8*! '*8;4! V%)B&!*'! &=D?!

"[K2W! c&G*0=*'! *'! &=D?! "[K"&XD! 3F&;;07.(*! &97;'<*! 9&-4! .*! 8&-+4.0)'! *4'! +-*! &;;07.(*! 9*!

8<'&G&0.79)-:?!.*-'0<*!4+0!=F<'+9*!4)8+='&-<*!9*!;=+4)*+04!*4;C.*4!9*!0*5+)-4D!
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!

ag!

78N8!9Q.OA!3GPJ0)GG3&3G*1-!61G$!-3!,1603!63!-1!,)G$30P1*J)G!63$!03T%JG$!

U>&-'!=*4!'0&>&+H!9*!.*!8&-+4.0)'?!;=+4)*+04!<'+9*4!4*!47-'!)-'<0*44<*4!&+H!p=&487G0&-.(*4!>)&!

+-*!&;;07.(*!9F&-&=B4*!9*!=FUSQ!*->)07--*8*-'&=?!*-!4*!67.&=)4&-'!-7'&88*-'!4+0!9*4!*4;C.*4!*-!

9&-:*0D!_==*4!+')=)4*-'!.*;*-9&-'!9*4!&;;07.(*4!9*!G&0.79)-:!5+)!-*!.)G=*-'!5+F+-*!4*+=*!*4;C.*!]!=&!

67)4!Vl&0:&-!*'!&=D?!"[KZW!b)8;6*-9706*0!*'!&=D?!"[KaW!n*='R!*'!&=D?!"[KZXD!O-*!<'+9*?!G)*-!5+F&44*R!

=)8)'<*! 9&-4! 4&! '0&-4;74&G)=)'<! ]! 9F&+'0*4! 4)'+&')7-4?! 4F*4'! 8I8*! ;*-.(<*! 4+0! =&! 4'0+.'+0*! 9*4!

;7;+=&')7-4!9*!0*5+)-4!G&=*)-*4!:0\.*!]!=F*8;=7)!9*!9*+H!8&05+*+04!0*=&')>*8*-'!=7-:4!Vb):4:&&09!*'!

&=D?!"[KaXD!c0C4!;078*''*+4*4?!.*4!&;;07.(*4!-*!47-'!'7+'*67)4!;&4!&;;=).&G=*4!=7045+*!=F7-!4F)-'<0*44*!

&+!4+)>)!4)8+='&-<!9*!-78G0*+4*4!*4;C.*4!0&0*4!*'!6+0')>*4?!*'!97-.!9)66).)=*8*-'!9<'*.'&G=*4D!

O-*! &;;07.(*! 9F&-&=B4*! 9*! =FUSQ! *->)07--*8*-'&=! ;&0! 8<'&G&0.79)-:! -F&! @&8&)4! <'<!

9<>*=7;;<*! ;7+0! =*4! p=&487G0&-.(*4?! *'! =&! 6&)4&G)=)'<! 9F+-*! '*==*! 8<'(79*! 9&-4! +-! 8)=)*+! &+44)!

9B-&8)5+*!5+F+-!0<.)6!.70&==)*-!0*4'*!97-.!]!9<87-'0*0D!3&!;0*8)C0*!<'&;*!.7-4)4'*!]!9<>*=7;;*0!+-*!

&;;07.(*!9*!.*!'B;*?!.*!5+)!&8C-*!]!=&!5+*4')7-!;0<4*-'<*!9&-4!=F)-'079+.')7-!m!

VUX!! 3F<'+9*! 9*4! .788+-&+'<4! 9*! 0*5+)-4! 9*! 0<.)6! *4'J*==*! 0<&=)4&G=*! >)&! =F&-&=B4*! 9*! =FUSQ!

*->)07--*8*-'&=!�!

78S8!C-1G!6Q#,R1G*J--)GG1H3!

U6)-!9*!><0)6)*0!=&!6&)4&G)=)'<!9*!=F<'+9*!9*4!0*5+)-4!>)&!=&!.7==*.'*!*'!=F)9*-')6).&')7-!9*!=FUSQ!

*->)07--*8*-'&=?! 9*4! ;0<=C>*8*-'4! 9F*&+!7-'! '7+'! 9F&G709! <'<! 0<&=)4<4! 9*!8&-)C0*! 7;;70'+-)4'*! &+!

.7+04!9*!;0*8)C0*4!8)44)7-4!9*!'*00&)-!5+)!<'&)*-'!9<@]!'0C4!.(&0:<*4D!^&0!=&!4+)'*?!+-!<.(&-')==7--&:*!

;=+4!.7-4<5+*-'!VK[!<.(&-')==7-4!;&0!4)'*!*-!;*-'*!*H'*0-*!*'!K[!*-!0<.)6!)-'<0)*+0X!&!<'<!0<&=)4<!&6)-!9*!

;07;74*0!9*4!;)4'*4!9F<'+9*4!;=+4!;7+44<*4D!j)*-!5+*!@F&)*!<:&=*8*-'!.7-'0)G+<!]!=&!0<&=)4&')7-!9*!.*'!

<.(&-')==7--&:*!*'!&+!;0<'0&)'*8*-'!9*4!<.(&-')==7-4?!.*''*!9*+H)C8*!>&:+*!9F<.(&-')==7--&:*!-*!4*0&!

;&4!;0<4*-'<*!9&-4!.*!8&-+4.0)'D!3&!e):+0*!"a!9<'&)==*!=*4!:0&-9*4!R7-*4!9*!;0<=C>*8*-'D!

3*4!;0*8)C0*4!8)44)7-4!-F7-'!;*08)4!9*!0<&=)4*0!5+*!""!;0<=C>*8*-'4!9F*&+!;7+0!&-&=B4*!9*!

=FUSQ!*->)07--*8*-'&=D!_-!0*>&-.(*?!G)*-!5+*!=*+0!-78G0*!47)'!0*=&')>*8*-'!6&)G=*?!.*4!<.(&-')==7-4!

7-'!'7+4!<'<!;0<=*><4!*-!;*-'*!*H'*0-*!9*!0<.)6!.70&==)*-!*'!9&-4!9*4!R7-*4!'0C4!.7-'0&4'<*4!m!*-!R7-*!



!

!

Z[!

&-'(07;)4<*! 9&-4! =*4! 0<.)64! UG70<! *'! o+<! &+! =&0:*! 9*! Q7+8<&?! *'! 9&-4! =*4! 0<.)64! <=7):-<4! 9*!

P(*4'*06)*=9?!9F_-'0*.&4'*&+H?!*'!9*!=&!;&0')*!-709!9+!l0&-9!3&:7-!Q709!Vl3QXD!

78V8!;%0!-3!*3001JG!

3*4!;0<=C>*8*-'4!9F*&+!7-'!<'<!*66*.'+<4!:0\.*!]!+-*!G7+'*)==*!Q)4/)-?!;*08*''&-'!9*!.)G=*0!+-*!

;0767-9*+0!97--<*!Ve):+0*!"ZXD!E=4!7-'!'7+4!<'<!0<&=)4<4!]!=&!8I8*!9)4'&-.*!9+!0<.)6?!*-!;*-'*!*H'*0-*!

9*!0<.)6!.70&==)*-!*'!]!9*+H!;0767-9*+04!V2!*'!"[!8X?!4+0!9*4!67-94!9*!8&H)8+8!1[!8C'0*4D!S*+H!=)'0*4!

9*!.(&5+*!<.(&-')==7-!;07>*-&-'!9*4!9*+H!;0767-9*+04!9)66<0*-'*4!7-'!

*-4+)'*! <'<! 0&44*8G=<4! *-! +-! 4*+=! <.(&-')==7-! 9*! 1! =)'0*4?! &6)-!

9F&+:8*-'*0! =*4!;07G&G)=)'<4!9*!.&;'+0*!9*!=FUSQ!*->)07--*8*-'&=D!

S*+H! 0<;=).&4! 7-'! <'<! ;0<=*><4! 4+0! .(&5+*! 4)'*! &+! 8I8*! 878*-'?!

'7'&=)4&-'!9*+H!67)4!1!=)'0*4?!&6)-!9*!6)='0*0!9&-4!+-!4*.7-9!'*8;4!]!9*+H!

;7074)'<4!9)66<0*-'*4!V[?""!�8!*'![?12!�8XD!

3*4!G7+'*)==*4!.7-'*-&-'!=*4!<.(&-')==7-4!9F*&+!7-'!*-4+)'*!<'<!

8)4*4! =*! ;=+4! 0&;)9*8*-'! ;744)G=*! 9&-4! +-*! :=&.)C0*! 4+0! =F&--*H*!

4*0>&-'! ]! &..<9*0! &+H! 4)'*4! 9F<.(&-')==7--&:*! &6)-! 9*! =)8)'*0! =&!

9<:0&9&')7-! 9*! =FUSQ?! &>&-'! 9FI'0*! .7-:*=<*4! 9*! 0*'7+0! &+! G&'*&+!

5&2(#30?i/0!"#430:U;$%"'4&,,.''"230*.'4#"'40,3)0)&43)0:309#;,IG3*3'4)0:U=^F03'G&#.''3*3'4",0"(0$.(#)0:30
$344304%I)3/0

5&2(#30 ?`/0 R.(43&,,30 F&)M&'0
93#*344"'40:309#;,3G3#0:30,U3"(0
j0('309#.<.':3(#0$%.&)&3/00
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ZK!

7.<&-7:0&;()5+*D! S*4! 97+'*4! 7-'! <'<! <8)4! 4+0! =F)8;&.'! 9*! =&! .7-:<=&')7-J9<.7-:<=&')7-! 4+0! =&!

9<'*.'&G)=)'<!9*!=FUSQ*!V�&8&87'7!*'!&=D?!"[KaX?!8&)4!=&!;744)G)=)'<!9F&>7)0!+-*!;78;*!4+0!=*!G&'*&+!

&! <'<! '*4'<*! *'! -F&! ;&4! <'<! .78;&')G=*! &>*.! V)X! =*4! .7-9)')7-4!9*! '0&>&)=! 0*-9&-'! '0C4! .78;=)5+<*! =&!

8&t'0)4*!9*4!.7-'&8)-&')7-4!;7'*-')*==*4!V))X!=*!0B'(8*!*-!8)44)7-!0*-9&-'!=*4!(*+0*4!9*!6)='0&')7-!&;0C4!

+-*!=7-:+*!@7+0-<*!9*!'0&>&)=!�!)-.=+&-'!*-'0*!&+'0*4!;=+4)*+04!;=7-:<*4!�!'0C4!9)66).)=*4D!

78X8!C0#*01J*3&3G*!3G!-1/)01*)J03!

S*!0*'7+0!&+!=&G70&'7)0*?!.(&5+*!<.(&-')==7-!9*!1!=)'0*4!&!<'<!9<.7-:*=<!;+)4!6)='0<!]!=F&)9*!9*!

6)='0*4!*-!*4'*04!9*!.*==+=74*!V%P_X!9*!'&)==*!9*!;70*4!47)'!9*![?""!�8?!47)'!9*![?12!�8!Ve):+0*!"MXD!3*4!

6)='0*4!7-'!*-4+)'*!<'<!;=)<4!*'! '&8;7--<4!;7+0!<>&.+*0! =F*H.<9*-'!9F*&+!;+)4!;=&.<4!9&-4!9*4! '+G*4!

>)44<4! 9*! "!83! .7-'*-&-'! 9*4! G)==*4! 9*! 4)=).&:*=! 9*! .7+=*+0! .(&-:*&-'*! *-! 67-.')7-! 9*! =*+0! 9*:0<!

9F(+8)9)'<D! 3*4! G)==*4! 7-'! &)-4)! <'<! ><0)6)<*4! +-*! (*+0*! &;0C4! *'! .(&-:<*4! 4)! -<.*44&)0*D! 3*4! '+G*4!

.7-'*-&-'!=*4!6)='0*4!4*.4!7-'!*-6)-!<'<!;=&.<4!]!J"[uP!;7+0!.7-4*0>&')7-!&>&-'!*H'0&.')7-D!

5&2(#30 ?A/0 S#.$;:(#30 :30 <&,4#"4&.'0 :3)0
;$%"'4&,,.')0 :U3"(0 9#;,3G;)0 9.(#0 "'",-)30 :30
,U=^F0 3'G&#.''3*3'4",/0 !%"W(30 ;$%"'4&,,.'0
:30e0,&4#3)03)40<&,4#;0)(#0('0<&,4#30Z!K0:30@JeX0
v*0 C.(0 @J??0 v*DJ0 j0 ,U"&:30 :U('30 9.*930
9;#&)4",4&W(30340:309.#43H<&,4#3)0:30:&"*I4#30e`0
**/0 Q3)0 .(4&,)0 ).'40 )4;#&,&);)0 3'4#30 $%"W(30
;$%"'4&,,.'/0
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Z"!

78c8!C10*J,JF1*J)G!F30$)GG3--3!W!,3!*01P1J-!

P*4!<.(&-')==7-4!;0<=)8)-&)0*4!7-'!<'<!;0<=*><4!*'!'0&)'<4!9&-4!=*!G+'!9*!0<&=)4*0!+-*!<'+9*!9*!

6&)4&G)=)'<!9*!=&!8<'(79*!9F&-&=B4*!9*!=FUSQ!*->)07--*8*-'&=!;&0!8*'&G&0.79)-:!4+0!=*4!0*5+)-4!*-!

.7-9)')7-4!-&'+0*==*4D!P*''*!<'+9*!&!<'<!8*-<*!*-!.7==&G70&')7-!&>*.!b'*6&-7!%&0)&-)?!;70'*+0!9+!;07@*'!

b*&SQU!*'!;076*44*+0!]!=&!l'&G3#)&4-!.<0O",<.#:!V%&-.(*4'*0?!OoXD!3*!9<>*=7;;*8*-'!9*!=&!8<'(79*!

9F&-&=B4*!9*4!<.(&-')==7-4!9FUSQ!*->)07--*8*-'&=!9*;+)4!=F*H'0&.')7-!9FUSQ!@+45+F&+!4<5+*-T&:*!

*'! '0&)'*8*-'!G)7J)-6708&')5+*!&!6&)'! =F7G@*'!9F+-*!'(C4*?!0<&=)4<*!;&0!,+9)'(!j&//*0?!97.'70&-'*!]! =&!

8I8*!+-)>*04)'<D!S&-4!=*!.&90*!9*!.*''*!'(C4*?!S0D!j&//*0!&!*66*.'+<!9*4!8)44)7-4!9F<.(&-')==7--&:*!

9&-4!=*4!P&0&YG*4?!+-*!R7-*!:<7:0&;()5+*!7`!=*4!0*5+)-4!47-'!'0C4!0&0*4!V*H.*;'<!&+H!j&(&8&4XD!

CONTRÔLE DE LA CONTAMINATION 

O-!9*4!:0&-94!9<6)4!&447.)<4!]!=F<'+9*!9*!=FUSQ!*->)07--*8*-'&=!*4'!9F<>)'*0!&+!8&H)8+8!=*4!

6&+44*4! 9<'*.')7-4! V6&+H! ;74)')64! ;0)-.);&=*8*-'XD!U! .&+4*! 9*! =&! 4*-4)G)=)'<! 9*4!8<'(79*4! 9F&-&=B4*! 9*!

=FUSQ!*->)07--*8*-'&=?!+-!9*4!;=+4!:074!7G4'&.=*4!*4'!=*!0)45+*!9*!.7-'&8)-&')7-!]!'7+'*4!=*4!<'&;*4!9+!

;07'7.7=*D!P*''*!.7-'&8)-&')7-!;*+'!4*!;079+)0*!=704!9*!=&!;0<;&0&')7-!9*!=F<5+);*8*-'!9F<.(&-')==7--&:*?!

=704!9+!;0<=C>*8*-'!�!USQ!.)G=*!;7+>&-'!I'0*!'0&-4;70'<!9F+-!4)'*!]!+-!&+'0*?!8*-&-'!]!9*!6&+H!;74)')64!�!

7+!*-.70*!;*-9&-'!=*4!<'&;*4!9F*H'0&.')7-!*'!9*!'0&)'*8*-'!*-!=&G70&'7)0*D!O-!;07'7.7=*!4'0).'!9*!.7-'0A=*!*'!

9*!=)8)'&')7-!9*!=&!.7-'&8)-&')7-!&!&)-4)!<'<!4+)>)!*-!;0<>*-')7-D!

S*4!G7+'*)==*4!4C.(*4!=&)44<*4!=7-:+*8*-'!]!=&!=+8)C0*!9+!47=*)=!7-'!<'<!+')=)4<*4?!*'!=&!G7+'*)==*!

Q)4/)-! &)-4)! 5+*! =*! 8&'<0)*=! 9*! '0&-4>&4*8*-'! 7-'! <'<! 0)-.<4! 8)-+')*+4*8*-'! &>&-'! *'! &;0C4! .(&5+*!

9<;=7)*8*-'D!S*4!:&-'4! @*'&G=*4!7-'!<'<!+')=)4<4!*'!.(&-:<4!*-'0*!.(&5+*!<.(&-')==7-D!3*4!7+')=4!V;)-.*4?!

.)4*&+HX!7-'!<'<!4'<0)=)4<4!*-'0*!.(&5+*!<.(&-')==7-!]!=F<'(&-7=!K[[L!*'!]!=&!6=&88*?!;+)4!0*607)9)4!]!=F*&+!

4'<0)=*D!O-*!67)4! =&!6)='0&')7-!*66*.'+<*?! =*!8&'<0)*=!9*!6)='0&')7-!V'+G*4!*'!;70'*J6)='0*4X!*4'!8)4!]! '0*8;*0!

;*-9&-'!5+*=5+*4!(*+0*4!9&-4!9*!=F*&+!9*!@&>*=!9)=+<*!;+)4!0)-.<!*'!8)4!]!4<.(*0!47+4!(7''*!&6)-!9F<=)8)-*0!

'7+'*4!'0&.*4!9FUSQD!S&-4!=*!=&G70&'7)0*!]!=&!l'&G3#)&4-0.<0O",<.#:?!9*4!4&==*4!4<;&0<*4!7-'!<'<!+')=)4<*4!*-!

67-.')7-!9*4!<'&;*4!9*!;0<;&0&')7-!9*4!<.(&-')==7-4!m!*H'0&.')7-!9FUSQ!*->)07--*8*-'&=?!;0<;&0&')7-!&>&-'!

&8;=)6).&')7-?!*'!;07.<9+0*4!;74'J^PND!S*4!.7-'0A=*4!-<:&')64!7-'!<:&=*8*-'!<'<!0<&=)4<4!]!;=+4)*+04!<'&;*4!

;7+0! '7+'*4! =*4! ;0<;&0&')7-4!9*4! =)G0&)0)*4! *'! 4<5+*-T&:*4! V6)='0&')7-!9F*&+!9)4')==<*?! G=&-.4!9F*H'0&.')7-!

9FUSQ!9&-4!9+!G+66*0!9F*H'0&.')7-?!*'!G=&-.4!9*!^PNXD!

!
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Z#!

,F&)! 97-.! 70:&-)4<! =F<.(&-')==7--&:*! ;7+0! =&! ;&0')*! ^&.)6)5+*! 9*! =F<'+9*?! *-! Q7+>*==*J

P&=<97-)*!7`!=*4!9*-4)'<4!9*!0*5+)-4!47-'!670'*4?!-7'&88*-'!9&-4!=*4!0<.)64!<=7):-<4?!;*08*''&-'!9*!

0<&=)4*0! 9*4! '*4'4! ;*0')-*-'4! 9*! 6&)4&G)=)'<! 9*! =&!8<'(79*D! ,F&)! &)-4)! ;&0').);<! ]! =&! .0<&')7-! 9+! ;=&-!

9F<.(&-')==7--&:*!VG)*-!5+F*-!;&0')*!7;;70'+-)4'*X?!&+!9<>*=7;;*8*-'!*'!]!=F7;')8)4&')7-!9*!=&!8<'(79*!
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Environmental DNA reveals tropical 
shark diversity in contrasting levels 
of anthropogenic impact
Judith Bakker , Owen S. Wangensteen  , Demian D. Chapman , Germain Boussarie , 

Dayne Buddo , Tristan L. Guttridge , Heidi Hertler , David Mouillot , Laurent Vigliola  & 

Stefano Mariani  

Sharks are charismatic predators that play a key role in most marine food webs. Their demonstrated 

the assessment and monitoring of the distribution and abundance of such mobile species in marine 

environments remain challenging, often invasive and resource-intensive. Here we pilot a novel, rapid 

ability to assess and monitor elusive oceanic predators, and lead to improved conservation strategies.

Oceanic ecosystems are increasingly impacted worldwide. Marine predators are under o en unsustainable fish-
ing pressure, which has resulted in several documented cases of stock collapses1–3. Elasmobranch (sharks and 
batoids) populations specifically have suffered from overexploitation and stock declines4–9. #ey are key species 
in virtually all marine trophic webs10,11 and have long been in conflict with human societies, due to their perceived 
competition with fishers12 or hazardous nature13,14. Owing to their relatively slow growth rate and low fecundity15, 
they are also particularly vulnerable to overfishing16–18. Only recently have elasmobranchs become the focus of 
conservation initiatives4,19, as the importance of these charismatic animals for the maintenance and resilience of 
healthy ecosystems is widely acknowledged20–23.

#e development of management strategies for elasmobranchs depends on accurate population assessments 
in the field. Yet, currently established survey methods, such as fishing by long-lining or gill-netting, acoustic 
monitoring, baited remote underwater video (BRUV), underwater visual census (UVC) and fisheries-dependent 
population surveys, are o en resource intensive, selective and dependent on taxonomic expertise, and sometimes 
invasive and potentially traumatogenic24–26. #erefore, biologists and managers worldwide are faced with consid-
erable challenges due to the high effort and cost associated with the assessment and monitoring of elasmobranch 
biodiversity, abundance and distribution.

Environmental DNA (eDNA), DNA isolated directly from environmental samples such as soil or water, can be 
amplified, sequenced and assigned back to its species of origin through (meta)barcoding and has been suggested 
as an alternative to track species presence and abundance in their environment27,28. Due to its limited persis-
tence in the water column — in seawater even small (100-bp) eDNA fragments degrade beyond detectability 
within days29— the detection of eDNA from a specific taxon indicates its recent presence in the environment30–32. 
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Accordingly, over the past couple of years eDNA methods have increasingly been applied for the detection of rare 
and invasive species33–35. Moreover, it has been demonstrated that eDNA metabarcoding has the ability to out-
perform traditional survey methods for diverse taxa, including teleost fish, both in freshwater36–39 and in marine 
ecosystems40–42.

#e first reported study to detect elasmobranch eDNA in natural water samples employed DNA barcoding 
(aiming to detect a single species in the environment), for the detection of the largetooth sawfish (Pristis pristis)25. 
Similarly, a species-specific approach was recently applied to amplify whale shark (Rhincodon typus) eDNA from 
oceanic water samples42. On the other hand, eDNA metabarcoding has the potential to simultaneously iden-
tify several taxa from an environmental sample28, which is clearly essential for community-level assessments. 
However, previous studies have encountered challenges concerning elasmobranch specific detection, when apply-
ing this multispecific approach43,44. And although three species of elasmobranch have recently been detected in a 
large-scale marine eDNA study using a primer set designed for teleosts45, we are still lacking evidence that eDNA 
metabarcoding can successfully be applied to describe elasmobranch diversity across a range of natural settings, 
for the purpose of ecosystem assessment and management.

Here, for the first time, we employ eDNA metabarcoding of natural seawater samples to specifically investigate 
shark communities in Atlantic and Pacific tropical ecosystems, using a previously published primer set target-
ing a 127 bp stretch of the mitochondrial COI region46. We assess the potential of this low-effort approach for 
multi-species elasmobranch detection, and specifically examine whether patterns of species diversity and eDNA 
read abundance, reflect the known degree of anthropogenic impact in two independent tropical marine systems.

In the greater-Caribbean, there has been a long and ongoing history of elasmobranch exploitation, and high 
anthropogenic pressure in coastal zones has led to the broad-scale depauperation of elasmobranchs on Caribbean 
reefs8,47. However, many species do still occur in populated areas where strong fishing regulations are in place or 
where specific shark conservation policies have been enacted8. In the Bahamas, for instance, gillnet and long-line 
fishing have been prohibited since 1991 and their national waters have been declared a shark sanctuary in June 
2011, prohibiting directed fishing or even the retention of shark by-catch48. In the wider Indo-Pacific region, 
overfishing and poaching are also responsible for declines in elasmobranch populations49; nevertheless, elas-
mobranchs do still occur in relatively high numbers around remote, isolated locations such as coral reefs on 
uninhabited atolls in the northern Line Islands50 and the Chagos Archipelago51. Furthermore, although several 
widely-distributed elasmobranch species are in effect cosmopolitan or circum-tropical, significant biogeograph-
ical differences exist between the Caribbean and the Pacific Coral Sea, which allows also for a broad-scale eDNA 
comparison of community composition.

Elasmobranch species inventories and assessment of geographical distributions based on eDNA metabarcoding 
could potentially represent an important tool for rapid environmental monitoring and hence influence conserva-
tion management and policy decisions. #is study represents the first targeted effort that demonstrates the effec-
tiveness of an eDNA metabarcoding approach for the detection and monitoring of elasmobranch communities.

Results
eDNA detection of elasmobranchs. A total number of 2,972,832 reads was obtained from an Illumina 
MiSeq run of pooled amplicon libraries, built from 55 Caribbean and 22 New Caledonian samples (Fig. 1a,b and 
Supplementary Table S1). A large part of the sequenced reads (80%) originated from non-specific amplification 
and were shorter than the target length. A er sample assignment, quality and sequence-length filtering, 284,252 
reads were le ; of which 21,542 could be taxonomically assigned to elasmobranchs (Supplementary Table S1). #e 
number of elasmobranch reads per sample ranged from 0 to 5,205 (Supplementary Table S1). A er the removal 
of singletons (MOTUs in a sample that contained only one read), taxonomic assignment from the sampled loca-
tions (Fig. 1a,b) resulted in 22 elasmobranch molecular operational taxonomic units (MOTUs), of which 12 were 
detected in the Caribbean, 16 in New Caledonia and 9 in both locations. Krona-like plots (Fig. 1c) display the 
complete taxonomic assignment for each of the sampling locations, while a Principal Component Analysis (PCA) 
(Fig. 1d) depicts the scattering of all the samples containing elasmobranch reads across the two biogeographic 
areas. Even though several MOTUs are shared between the two regions, there is still a clear spread in MOTU 
(species) composition between New Caledonia and the Caribbean. No elasmobranch reads were detected in the 
two PCR negative controls that were performed and sequenced to detect potential contamination.

Using the 127-bp COI fragment, we did not find a wholly unequivocal correspondence between MOTUs and 
species; since some MOTUs had 100% sequence identity matches with more than one species in the BOLD data-
base. Although this issue mostly pertained to the genus Carcharhinus, which is known to be taxonomically prob-
lematic and polyphyletic52, it also affected the less speciose Rhizoprionodon and Negaprion. Consequently, this has 
also resulted in MOTUs containing sequences from both Coral Sea and Caribbean species that share an identical 
127 bp sequence. #us, for a more reflective separation, these particular MOTUs have been split into their Pacific 
and Caribbean components (see Supplementary Table S2 for a complete data file of all reads per taxa, per sample).

Elasmobranch diversity and read abundance patterns. #e Bahamas is the Caribbean sampling 
location least subjected to fishing pressure, as a result of its shark sanctuary status; hence, it displays the great-
est elasmobranch diversity, composed of 11 different MOTUs (Fig. 2). In the samples from the locations most 
impacted by anthropogenic disturbances, Jamaica and Belize, only 2 and 1 elasmobranch MOTUs respectively, 
were detected. A similar pattern is apparent for the New Caledonian samples, where the highest diversity is found 
in the most remote and pristine locations, the Chesterfield Atolls (11 MOTUs) and New Caledonia North (14 
MOTUs). Contrastingly, only 5 elasmobranch MOTUs were detected in the capital, Noumea, the most densely 
populated area of New Caledonia.
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#e violin plots of MOTU richness (Fig. 3a) and read abundances (Fig. 3b) show how the different sample 
values are distributed, by comparing the variable sample size distribution across the different locations. #e dis-
tribution of density (number of MOTUs, Fig. 3a), and abundance of reads, (Fig. 3b) is represented by the width 
of the plots. For both the Caribbean (green) and the New Caledonian (blue) locations, MOTU richness (Fig. 3a) 

Figure 1. Map of New Caledonian (a) and Caribbean (b) sampling locations. #e intensity of dot shading 
in all panels indicates the level of anthropogenic impact from ‘severely impacted’ (light pink/blue) to ‘least 
impacted’ (dark pink/blue). #e krona-like plots (c) show the complete taxonomic assignment for each of 
the sampling locations (with elasmobranchs in purple). #e different taxonomic levels are represented by the 
layers of rings, starting with phylum, for the innermost layer, and subsequently class, order, family and genus 
radiating outwards. In the centre of each location plot, the number of elasmobranch reads compared to the total 
number of filtered reads, is displayed. #e Principal Component Analysis (PCA) (d) depicts the scattering of 
the samples containing elasmobranch reads, across the two biogeographic areas. #e six most discriminating 
taxa are labelled in full, while the rest are indicated by numbers (following alphabetical order from lines 27–50 
in Supplementary Table S2), namely: 1 = C. acronotus, 2 = C. albimarginatus, 4 = C. amblyrhynchos/limbatus_
Caribbean, 6 = C. brachyurus/perezii, 8 = C. melanopterus/cautus, 9 = C. leucas, 10 = C. obscurus/macloti/
longimanus/galapagensis, 12 = C. perezii/falciformis_Pacific, 13 = C. plumbeus, 14 = C. plumbeus/altimus/
sorrah, 15 = G. cuvier, 17 = N. brevirostris/acutidens_Pacific, 18 = R. porosus/terraenovae, 20 = S. mokarran, 
21 = D. Americana, 22 = S. fasciatum. Maps made with Natural Earth. Free vector and raster map data @ 
naturalearthdata.com.
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increases from le  to right, following the pattern of decreasing anthropogenic disturbance. While the three least 
impacted locations, the Bahamas, New Caledonia North and the Chesterfield atolls, show the greatest numbers 
of MOTUs in one sample (6, 7 and 8 MOTUs respectively), the violin plots for these locations show that richness 
is more equally spread across the different samples from Chesterfield (thus more samples containing multiple 
MOTUs); a sample is more likely to contain only 1 or 2 MOTUs in the Bahamas whereas in Chesterfield a sample 
is more likely to contain 4 or 5 MOTUs. Additionally, every sample from Chesterfield contains at least 3 elasmo-
branch MOTUs (for detailed MOTU richness per sample, see Supplementary Table S2). #e abundance of reads 
(Fig. 3b) per location follows the same pattern: it increases in both Caribbean and New Caledonian locations, 
with a decreasing level of human impact. While both New Caledonia North and Chesterfield have samples that 
contain more than 1000 elasmobranch sequence reads, the number of samples with more than 1000 reads is 
greater in the more remote Chesterfield atolls. Additionally, Chesterfield is the only location without any samples 
with less than 80 sequence reads.

Generalized Linear Model (GLM) tests (using location as categorical factor) indicate significant differences 
in both diversity and read abundance between locations in both the Caribbean and New Caledonia. Pair-wise 
comparisons (post-hoc Tukey comparisons) show that for diversity (MOTU richness, Fig. 3a), significant differ-
ences are detected between the Bahamas and Jamaica (P = 0.039) and nearly significant differences between the 
Bahamas and Belize (P = 0.095). While diversity in New Caledonia is significantly different between Chesterfield 
and Noumea (P = 0.013). For read abundances (Fig. 3b), significant differences exist between the Bahamas and 
the other 3 Caribbean locations (P < 0.001). Additionally, read abundances in Turks & Caicos are significantly 
different from Jamaica (P = 0.033) and Belize (P = 0.047). In New Caledonia, all abundance comparisons are 
highly significant (P < 10−10).

Species accumulation curves are plotted for each location (Fig. 4). #e curves show elasmobranch diversity 
(MOTU richness) as a function of the number of samples in the locations from the Caribbean (A) and New 
Caledonia (B). Error bars indicate standard errors a er 100 permutations. #e results show that none of the 
Caribbean (Fig. 4a) or New Caledonian (Fig. 4b) samples tend to reach a plateau in MOTU richness, although, 
with the exception of the Bahamas, the Caribbean slopes tend to flatten a er N = 10. Non-saturation of species 
accumulation curves suggests that increased sampling effort would be desirable for capturing total diversity in 
each location, particularly in the naturally more diverse tropical Pacific.

Figure 2. Bar plot showing the relative abundances of reads (fourth-root transformed) for every elasmobranch 
MOTU detected in the Caribbean and New Caledonian locations.
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Discussion
Our results demonstrate that eDNA metabarcoding can be applied to assess elasmobranch species richness and, 
potentially, relative abundance in natural seawater samples, the two main components of ecological commu-
nities. #e derived geographical patterns of diversity and abundance of shark eDNA sequence reads may be 
used for monitoring purposes and ultimately to inform conservation management and policy decisions. At the 

Figure 3. Violin plots showing (a) elasmobranch diversity (MOTU richness) and (b) abundance of reads per 
sample in the different locations from the Caribbean (green) and New Caledonia (blue). #e shapes indicate 
the density distribution of the samples, extending from the minimum to the maximum observed values. #e 
median values are indicated by the red dots. #e thick black bars are the interquartile ranges. #e thin black 
extending lines represent the 95% confidence intervals such that the values in the wider parts of the plots are 
more probable than those in the narrower parts. Per region, significant differences (P < 0.05) are indicated with 
asterisks. Asterisk significant codes: ***P < 0.001, **P < 0.01, *P < 0.05, •P < 0.1.

Figure 4. Species accumulation curves showing elasmobranch diversity (MOTU richness) as a function of the 
number of samples in the locations from the Caribbean (a) and New Caledonia (b). Error bars indicate standard 
errors a er 100 permutations. Belize is absent from the plot as it contains only one elasmobranch MOTU.
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global/macro-scale, the detected elasmobranch MOTUs collectively separate the Caribbean and New Caledonian 
regions (Fig. 1d), dominated by Carcharhinus perezii/Negaprion brevirostris and Carcharhinus amblyrhynchos / 
Triaenodon obesus, respectively, with the exception of the most depauperate locations (e.g. Belize, Jamaica and 
Noumea) which are grouped in the center of the ordination plot. Additionally, the patterns of MOTU richness 
and abundance of sequence reads follow the level of anthropogenic impact in each location. Remote localities 
such as the Chesterfield atolls and protected areas such as Bimini, Bahamas show both the highest species richness 
and read abundance among our samples, whereas the less remote and non-protected locations show lower values 
for both diversity and abundance (Figs 1c, 2 and 3).

In marine ecosystems, the impact on living resources is o en framed into the Malthusian theory of human 
density around such ecosystems53. Several studies have shown proximity to market to be the strongest predictor 
of overfishing on coral reefs54–56. A particular case study from New Caledonia has demonstrated that travel time 
from the market is a strong predictor of fish biomass, predator abundance and functional diversity on coral 
reefs53,57. #us, remote locations such as the Chesterfield atolls, receive de facto protection due to their isolation57. 
#e level of elasmobranch diversity and eDNA read abundance, sheds a new light on these wilderness areas that 
are already known to support high levels of fish biomass51,57.

Likewise, it has previously been shown that sharks on reefs in the Greater Caribbean mostly occur in areas 
with low human population density or in a few places where strong fishing regulations or conservation meas-
ures have been implemented8. While none of our Caribbean sampling locations is at more than 1 hour travel 
away from people, #e Bahamas represents one of those locations whose elasmobranch populations in particular 
receive protection through effective conservation measures48.

Environmental DNA metabarcoding has a number of advantages compared to classical approaches for mon-
itoring elasmobranchs. It is a minimally invasive and resource-effective technique. #e eDNA sampling and 
metabarcoding protocols are easy to standardize and the molecular assignment does not require taxonomic 
expertise. Nevertheless, our findings also reveal a number of concerns that should be addressed in future devel-
opments of shark/elasmobranch eDNA metabarcoding approaches. First the taxonomic resolution of the final 
dataset is strongly dependent on the choice of markers; while the use of COI as a metabarcoding marker has 
previously been criticized58, owing to its high sequence variability, which may impair the design of truly universal 
primers and complicate bioinformatics analysis - it can also be argued that COI presents two major advantages 
over other potential markers. First, the steadily growing international effort, headed by the Consortium for the 
Barcode of Life (CBOL), to develop a public DNA barcoding database with curated taxonomy, greatly facilitates 
taxonomic assignment. #e BOLD database (http://www.boldsystems.org/)59,60 currently includes >4 million 
sequences belonging to over 500,000 species, curated and identified by expert taxonomists. Secondly, the high 
mutation rate of COI enables identification at the species level, whereas the highly conserved sequences of other 
markers, such as 18S, make it o en impossible to distinguish at the species or genus levels; and species-level iden-
tification is crucial for studies aimed at detecting rare species, such as is o en the case for sharks.

Nevertheless, using the 127 bp elasmobranch specific COI fragment46, we still recorded some ambiguity in the 
taxonomic assignment of some species of the genera Carcharhinus, Rhizoprionodon and Negaprion, owing to the 
limited sequence variability within the amplicon. Consequently, the sequences of some MOTUs are 100% identi-
cal to individuals belonging to different species in the BOLD database. In our dataset, this is presented by several 
MOTUs belonging to either of two or more species. Furthermore, this has resulted in 3 MOTUs having 100% 
sequence identity for species occurring in New Caledonia, and species occurring in the Caribbean. One particu-
lar example is the Carcharhinus amblyrhynchos/limbatus MOTU. #e bulk of sequences within this MOTU are 
from New Caledonia, 16730 compared to 146 in the Caribbean (Supplementary Table S2). In all probability, the 
sequence reads from New Caledonia belong to both C. amblyrhynchos, the grey reef shark (a species abundant in 
this area and also the species most o en visually detected during sampling operations, Supplementary Table S1) 
and to Carcharhinus limbatus, the blacktip shark. Since C. amblyrhynchos does not occur in the Caribbean, the 
146 reads of this MOTU in the Caribbean samples most likely belong to C. limbatus. Similar considerations apply 
to Negaprion brevirostris/acutidens and Carcharhinus perezii/falciformis, whose MOTUs are shared between New 
Caledonia (365 and 206 reads respectively) and the Caribbean (91 and 1045 reads respectively). Negaprion brevi-
rostris (lemon shark) is native to the Americas whereas N. acutidens (sicklefin lemon shark) is widely distributed 
throughout the Indo-Pacific. Carcharhinus falciformis, the silky shark, is circumtropical, while the distribution of 
Carcharhinus perezii (Caribbean reef shark) is restricted to the tropical western Atlantic Ocean.

In order to resolve the issue with closely related species, it will be essential to design alternative primers that 
are able to amplify a longer fragment of the gene region, in addition to an improved reference database. In relation 
to this, it is clear that certain elasmobranch species present in the environment at the time of sampling could not 
be detected using the selected primer set, as their non-degenerate sequences contain mismatches with the binding 
regions of several species. #is is epitomized by the case of the nurse shark, Ginglymostoma cirratum, which is 
an abundant species in the Caribbean and some individuals were visually observed at the time of sampling. Yet, 
eDNA sequence reads of G. cirratum were not detected in any of our Caribbean samples. Comparing the avail-
able G. cirratum COI sequences in public repositories with our primer sequences, it becomes apparent that two 
mismatches with the primer 3′ end are most likely responsible for the prevention of amplification of this species’ 
DNA from environmental samples. In silico mismatch statistics, comparing the 3′ half of the primers with full 
mitochondrial genome sequences available, are listed in Supplementary Table S4, for all elasmobranch Orders. 
#is table shows that the primers are particularly suitable for amplifying Carcharhiniformes, which contains 
more than half of all shark species, including those of most ecological relevance for this study. However, all the 
elasmobranch orders may be amplified. Potential mismatch issues may be resolved by decreasing the specificity 
of the primer set by incorporating degenerate bases or inosine nucleotides. However, this approach may have the 
undesired effect of an increase in the number of reads belonging to non-target taxa getting amplified. Clearly, this 
trade-off between taxonomic resolution and non-target amplification needs to be well balanced prior to applying 
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the eDNA metabarcoding approach for the purpose of informing conservation and management decisions. Here, 
we focused on large-scale differences and overall patterns in relation to anthropogenic influence, but in alterna-
tive contexts it may be necessary to attain greater taxonomic accuracy (e.g. endangered or invasive species); a 
challenge also faced by currently established ribosomal amplicon-based analysis of other vertebrates45,61.

Quantification of eDNA relating to species abundance could provide clues to habitat use and preference, thus 
identifying spatial conservation priorities such as home ranges and dispersal and migration corridors62. However, 
whether eDNA metabarcoding can provide quantitative estimates, particularly in the case of community-level abun-
dance, remains a controversial issue. Although amplicon sequencing produces read counts that may contain valuable 
information about target species abundances40,63, the interpretation of the results of amplicon studies, in the context of 
quantitative ecology, is not straightforward and remains ambiguous64. #is is in part because shedding rates between 
communities, species and individuals may differ. But also because the precise relationship between amplicon abun-
dance and taxon abundance remains unknown and likely varies among taxa63,65, as it is argued that PCR products are 
not fully proportional to real abundances due to the fact that primer efficiency may vary among species templates 
(primer bias)65,66. While previous studies have shown positive rank correlations between species abundance and read 
abundance38,43,63,67, as of yet, no studies have been published, revealing evidence of a relationship between relative 
abundance of species within a community and their respective eDNA read abundances. And while currently no 
experiments have been performed to empirically verify the relationship between read abundance and community 
biomass for elasmobranchs in particular, our data show that read abundances are higher in the more pristine/remote 
sampling locations and that these patterns of read abundance are coherent with expectations that can be inferred 
from the contrasting levels of human impact/remoteness of the different locations, for both the Caribbean and New 
Caledonia (Fig. 3b). While for example the species diversities of New Caledonia North and Chesterfield are very sim-
ilar (Fig. 2), eDNA read abundance is significantly higher in Chesterfield (Fig. 3b), suggesting that read abundance 
may be correlated with remoteness. As the relationships between eDNA and species abundance become clearer, the 
role of eDNA in estimating species abundance in both freshwater and marine environments is likely to become more 
valuable, increasing the potential of future eDNA applications in research and conservation.

Conservation and management of elasmobranch diversity relies on the effective monitoring of species across 
large oceanic areas. While direct observation and identification of individuals are o en complicated, we have 
demonstrated that, despite the seemingly daunting task of probing vast stretches of ocean by collecting water 
samples, eDNA metabarcoding has great potential for developing into an objective and powerful elasmobranch 
assessment tool, applicable to a wide range of ecological goals, from the mapping of diversity gradients in response 
to environmental variation, to the monitoring of the effectiveness of spatial protection measures.

Material and Methods
Experimental Design. Aqueous eDNA samples were collected with interoceanic replication, to test 
for spatial marine protection as a predictor for elasmobranch diversity. During February and March of 2015 
(Supplementary Table S1), samples were collected from four Caribbean locations impacted by various levels of 
anthropogenic pressures (Fig. 1b). Jamaica is known to have one of the most depauperate fish populations in the 
Caribbean and a severely extirpated elasmobranch fauna68; thus it was expected that Jamaica would sit at the 
lower end of the elasmobranch diversity range and read abundance. In Belize sampling took place around the 
partially submerged Glover’s Reef atoll, which is part of the Mesoamerican Barrier Reef. Even though this region 
has a relatively large number of marine reserves, including the ‘Glovers Reef Marine Reserve’, shark sightings in 
the Caribbean are quite rare and relatively few shark sightings occurred in the Mesoamerican Barrier Reef area 
during a previously conducted survey8,69.

In the Turks & Caicos Islands, where sampling took place around South Caicos, the establishment of a shark 
sanctuary is under consideration; however, the islands are currently still experiencing high fishing pressure47, 
which tends to disproportionally reduce densities of longer-lived, larger-bodied individuals50. At the other end, 
the nation of Bahamas is a designated shark sanctuary48 and as such, an area characterised by consolidated shark 
protection. #e sampling was conducted around the islands of Bimini, which consequently boast an abundant 
and diverse elasmobranch fauna70,71.

In the tropical Pacific, eDNA samples were collected from three locations in New Caledonia (Fig. 1a), during 
September, October and November of 2015 (Supplementary Table S1). New Caledonia has a unique anthropo-
genic impact gradient from nearly pristine to significant levels of anthropogenic disturbance57. #e most heav-
ily impacted site is represented by the capital Noumea, the most densely populated area in New Caledonia53. 
However, most reefs near Noumea are no-take reserves and shark fishing is historically non-existent in New 
Caledonia so that near Noumea, shark populations may be healthier compared to many other impacted areas. 
Sampling sites north of the main island Grande Terre, ‘New Caledonia North’, represent the intermediate level of 
anthropogenic impact, being between 70–120 km removed from the nearest human settlement and a minimum of 
500 km/15 hours travel time, from the Noumea fish market. #e isolated Chesterfield atolls, 550 km northwest of 
Grande Terre (~35 h travel time from the Noumea fish market), are the most remote of all our sampling locations. 
#ese samples were expected to show the highest levels of elasmobranch diversity and eDNA read abundance. 
Within all 7 (Caribbean and New Caledonian) locations, samples were collected from between 6 and 20 different 
sites covering a variety of habitats (Supplementary Table S1 contains coordinates per site). A total of 55 samples 
from the Caribbean and 22 samples from New Caledonia were collected and analysed. Each sample consisted of 
4 litres of sea water, collected by either a Kemmerer type water sampler or directly with a plastic collection bottle.

Sample processing and DNA extraction. A er collection, the water samples were individually covered 
and stored, in the dark and on ice, during transport to the local laboratory facilities. Vacuum filtration was car-
ried out within two hours a er collection. When it was not feasible to carry out filtration within two hours a er 
collection, due to travel time to laboratory facilities, the samples were directly frozen a er collection, until further 
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processing. #e sterile mixed cellulose esters (MCE) filters (Merck Millipore; 47 mm diameter; 0.45 µm pore size) 
containing sample filtrates were stored in 2.0 ml screw-cap microcentrifuge tubes containing silica beads. #e 
silica beads function as a desiccator, drying out the filters and hence preventing the DNA from degrading. #e 
sample filters were then stored at −20 °C until extraction. DNA was extracted from the filters with the Mo-Bio 
PowerSoil DNA Isolation Kit (www.mobio.com), following the manufacturers’ protocol. Purified extracts were 
assessed for DNA concentration in a Qubit fluorometer (#ermo Fisher Scientific).

Contamination Control. Contamination of samples may occur anywhere from preparing sampling 
equipment and collecting the samples in the field (target DNA being carried unintentionally from one locality 
to another), to every subsequent step of sample preparation, extraction and analysis in the laboratory. Hence, 
strict adherence to contamination control was followed at all field and laboratory stages in order to prevent the 
occurrence of contamination, including the use of disposable gloves and single use-sterile collection bottles and 
filtration equipment, and the bleaching (50% bleach) of sampling devices and laboratory equipment and surfaces. 
Additionally, a dedicated controlled eDNA lab at the University of Salford, with separate rooms designated for the 
physical separation of eDNA extraction, pre-PCR preparations and post-PCR procedures, was used for all labora-
tory work. Moreover, to identify potential contamination, DNA extraction blanks (elution buffer from extraction 
kit) and PCR blanks were included.

Library preparation and sequencing. For the amplification of eDNA metabarcoding mark-
ers, an elasmobranch specific COI primer set was used. This previously published primer set con-
sisted of a novel reverse primer ‘Shark COI-MINIR’ 5′-AAGATTACAAAAGCGTGGGC-3′46 and two 
universal fish barcoding forward primers FishF2 5′-TCGACTAATCATAAAGATATCGGCAC-3′ and VF2 
5′-TCAACCAACCACAAAGACATTGGCAC-3′72, yielding an amplicon of 127 bp46. For the multiplex Illumina 
sequencing run, we used 4 sets of 24 primers with attached 8-base sample-specific oligo-tags differing in at least 3 
bases73. In order to increase variability of the amplicon sequences, a variable number (2, 3 or 4) of fully degenerate 
positions (Ns) was added at the beginning of each primer74. #e full, sequenced PCR product, consisted then of 
195 bp, including the amplicon, primers, sample tags and leading N’s.

For PCR amplification, a single step protocol was used, directly attaching the 8-base tagged primers. #e PCR 
mix recipe was as follows: a total volume of 20 µl included 2 µl 10x buffer (BioLine), 0.6 µl 50 mM MgCl (BioLine), 
0.5 µl of each of the 5 µM forward primers (Eurofins), 1 µl of the 5 µM reverse primer, 0.2 µl 10 mM dNTP mix 
(BioLine), 0.2 µl BioTaq DNA polymerase (5 u/µl, BioLine), a standardised amount (10 ng) of the filter-extracted 
eDNA template, and 13 µl sterile water. #e PCR profile included an initial denaturing step of 95 °C for 15 min, 
35 cycles of 94 °C 1 min, 52 °C 1 min and 72 °C 1 min and a final extension step of 72 °C for 5 minutes. #e quality 
of all amplifications was assessed by electrophoresis, running the products through a 1.5% agarose gel stained 
with Gel Red (Cambridge Bioscience) and visualized on a UV light platform. All PCR products (including one 
replicate per sample and 2 PCR negative controls) were pooled into 4 multiplexed sample pools (each composed 
of 24 individually-tagged samples) and purified using MinElute columns (Qiagen). Four Illumina libraries were 
subsequently built from the four pools, using the NextFlex PCR-free library preparation kit (BIOO Scientific). 
#e libraries were quantified using the NEBNext qPCR quantification kit (New England Biolabs) and pooled in 
equimolar concentrations along with 1% PhiX (v3, Illumina) serving as a positive sequencing quality control. #e 
libraries with a final molarity of 8 pM were sequenced on an Illumina MiSeq platform in a single MiSeq flow cell 
using v2 chemistry (2 × 150 bp paired-ends).

Bioinformatic and Statistical Analyses. #e bioinformatic analysis was based on the OBITools metabar-
coding so ware suite75. #e pipeline used for data analysis is summarized in Supplementary Methods S3. Quality 
of the reads was assessed using FastQC. Paired-end reads were aligned using illuminapairedend and alignments 
with quality score >40 were kept. #e aligned dataset was demultiplexed using ngsfilter. #e length distribution 
of the demultiplexed reads showed a large percentage of short fragments (<95 bp), originating from non-specific 
amplifications and primer-dimer artefacts, which were not removed during the size selection step of library prepa-
ration. #us, a length filter (obigrep) was applied to the aligned reads (120–135 bp) in order to select only the 
fragments with the correct target size. Reads containing ambiguous bases were also removed. #e reads were sub-
sequently dereplicated using obiuniq and a chimera removal step was performed using the uchime-denovo algo-
rithm76 implemented in vsearch77. #e MOTUs were delimited using the sumaclust algorithm75 with a constant 
similarity threshold of 99%. Taxonomic assignment of the representative sequences for each Molecular Operational 
Taxonomic Unit (MOTU) was performed using the ecotag algorithm75. We built a bespoke elasmobranch refer-
ence database using a custom R script for retrieving all COI elasmobranch sequences available from the BOLD 
database60, and subsequently selecting those that included our 127 bp target fragment. In order to add homolo-
gous sequences from other, non-elasmobranch taxa, an in silico PCR was performed against release R117 of the 
EMBL-EBI database using ecoPCR78. Subsequently, the obtained reference sequences were added to the elasmo-
branch sequences obtained from BOLD. #ese additional reference sequences were added to our elasmobranch 
database in order to avoid the incorrect assignment of amplified sequences, belonging to other taxa, to elasmo-
branchs. #is combined reference database is available from http://github.com/metabarpark/Reference-databases. 
#e final refining of the dataset included taxonomy clustering of MOTUs assigned to the same species.

Due to its high sensitivity, an additional challenge associated with eDNA metabarcoding, is the risk of con-
tamination79,80, and hence the possibility of introducing false positive results. While it is certainly possible to 
detect a species present in a sample, represented by a single sequence read, it is not possible to completely exclude 
contamination (or sequencing error) as the potential cause of MOTUs containing only a single read, i.e. to dismiss 
single reads as potential false positives. Accordingly, we have opted for a more conservative approach and have 
removed all single read MOTUs from our samples.
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All statistical analyses were performed in R v 3.3.0 (https://www.R-project.org/). #e vegan package v. 2.4–081 
was used for the calculation of sample-based species accumulation curves. A generalized linear model approach 
was used for testing differences in MOTU richness and read abundances (square-root transformed) as a function 
of location, using the glm2 package v. 1.1.282. #e Poisson distribution family function was used for modelling the 
residuals and package multcomp83 was used for post-hoc Tukey comparisons. All custom R scripts are publicly 
available from http://github.com/metabarpark.

Data and materials availability. All data needed to evaluate the conclusions in the paper are present in 
the paper and/or the Supplementary Materials. Original DNA sequences (a er initial quality filtering, paired-end 
alignment and length filtering) can be found at: https://data.mendeley.com/datasets/489gckxbz3/1.
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Environmental DNA illuminates the dark diversity
of sharks

Germain Boussarie,1,2* Judith Bakker,3* Owen S. Wangensteen,3,4 Stefano Mariani,3

Lucas Bonnin,1,2 Jean-Baptiste Juhel,1,2 Jeremy J. Kiszka,5 Michel Kulbicki,6 Stephanie Manel,7

William D. Robbins,8,9,10 Laurent Vigliola,1† David Mouillot2,11†‡

In the era of “Anthropocene defaunation,” large species are often no longer detected in habitats where they
formerly occurred. However, it is unclear whether this apparent missing, or “dark,” diversity of megafauna
results from local species extirpations or from failure to detect elusive remaining individuals. We find that despite
two orders of magnitude less sampling effort, environmental DNA (eDNA) detects 44% more shark species than
traditional underwater visual censuses and baited videos across the New Caledonian archipelago (south-western
Pacific). Furthermore, eDNA analysis reveals the presence of previously unobserved shark species in human-
impacted areas. Overall, our results highlight a greater prevalence of sharks than described by traditional survey
methods in both impacted and wilderness areas. This indicates an urgent need for large-scale eDNA assessments to
improve monitoring of threatened and elusive megafauna. Finally, our findings emphasize the need for conservation
efforts specifically geared toward the protection of elusive, residual populations.

INTRODUCTION

Human activities are largely responsible for the ongoing defaunation of
ecosystems worldwide, causing massive population declines and local
species extirpations (1, 2). This global wave of defaunationmay dramat-
ically increase local “dark diversity,” defined as the suite of species that
should be presentwithin a certain region, based on their habitat require-
ments and dispersal ability, yet are absent (3). That is, dark diversity
encompasses the diversity of locally absent species, although bio-
geographic history, as well as ecological and environmental conditions,
suggests their presence (4). High dark diversity not only may imperil
ecosystem functioning (5) but also represents potential for recovery
of purportedly absent species (3, 6). A substantial portion ofmegafaunal
dark diversity is composed of mobile, rare, elusive, and threatened spe-
cies that are highly challenging to detect (1). Accordingly, an ongoing
concern is whether this megafaunal dark diversity has been correctly
measured or overestimated as a result of nondetection of remaining in-
dividuals by traditional sampling methods. The answer to this question
has significant implications in terms of management and conservation
because the presence of previously undetected individuals may require
immediate action to prevent extirpation of remnant individuals,

whereas the confirmed absence of species requires different manage-
ment considerations (6).

Detecting species occurrences and extirpations is more challenging
in the ocean than on land because most habitats remain hardly acces-
sible and therefore poorly investigated (7). Similarly, accurate assess-
ment of dark diversity is particularly problematic for low-density,
mobile species such as sharks. Sharks are one of the most threatened
marine taxa (8). They often have a high intrinsic vulnerability to fishing
due to slow population growth (9), and with shark products such as
dried fins reaching high commercial value (up to $1697 kg−1), they have
a high exposure to international trade (10). Throughout the Pacific, the
density of reef sharks has declined to 3 to 10% of prehuman levels (11),
and even the most well-managed marine protected areas appear in-
adequate in maintaining healthy shark populations (8, 12).

It is unclear, however, whether reported levels of dark diversity of
sharks are due to local extirpations or to a failure to detect remaining
animals. Similar to most terrestrial vertebrates, sharks exhibit learning
abilities linked to avoidance behavior, and repeated exposure to negative
anthropogenic interactions may increase their elusiveness (13). This
raises the possibility that sharks’ prevalence in marine habitats, even
close to humans, may be greater than previously thought, with individ-
uals being less detectable, therefore overinflating the apparent level of
dark diversity.

Environmental DNA (eDNA) analysis is based on the retrieval of
genetic material naturally released by organisms in their environments,
and it is emerging as a noninvasive method to detect and identify even
rare and elusive species in a wide range of ecosystems (14), including
marine waters (15, 16). Here, we assessed the potential of eDNAmeta-
barcoding in providing amore accurate estimate of the dark diversity of
sharks on coral reefs of the New Caledonian archipelago by contrasting
eDNA analysis with traditional underwater visual census (UVC) and
baited remote underwater video station (BRUVS) survey methods.

RESULTS AND DISCUSSION

Lower dark diversity than previously estimated
Of the 26 historically present species in the regional pool (17), only
9 species of sharks were detected in 2758 UVCs and 385 BRUVS
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(Fig. 1, A to C). The dark diversity of sharks was thus initially esti-
mated at 65% of the regional pool (that is, 17 species were not detected)
using traditional survey methods. Despite two orders of magnitude less
sampling effort, eDNA detected 44% more species than UVC or
BRUVS; with only 22 samples, 13 shark species were detected, reducing

the previously estimated dark diversity to 50% of the regional pool
(13 undetected species). Six species were only detected by eDNA, three
species were only detected by UVC and BRUVS (of which, one species
only by the BRUVS), whereas six species were detected by all three
methods (Fig. 2).

Fig. 1. Sampling design and analyses of surveys across the New Caledonian archipelago, southwestern Pacific. (A) Sampling design in the New Caledonian

archipelago (red stars, eDNA; blue pentagons, BRUVS; green dots, UVC). (B) Sample size (UVC, n = 2758; BRUVS, n = 385; eDNA, n = 22). (C) Cumulated number of shark species

detected. (D) Frequency of samples with sharks detected. (E) Violin plot showing detected shark species richness, significantly different between techniques (P < 0.001, Kruskal-

Wallis test), with eDNAdetectingmore shark species (2.5 ± 1.9) compared to BRUVS (0.8 ± 0.8) andUVC (0.2 ± 0.5) (P< 0.001, Dunn’s tests). White dots aremean values; thick black

bars correspond to interquartile ranges; thin black lines are 95% confidence intervals.
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Sharks were observed in only 15% of UVCs (n = 405 of 2758) and
54% of BRUVS (n = 207 of 385; Fig. 1D). Furthermore, shark diversity
was low for each sample, with only 3% of UVCs and 23% of BRUVS
recording more than one species. When excluding the two most com-
mon species, the gray reef shark (Carcharhinus amblyrhynchos) and the
whitetip reef shark (Triaenodon obesus), other shark species were ob-
served in only 2% of UVCs and 13% of BRUVS.

In contrast, sharks were detected in 91%of eDNA samples (Fig. 1D),
with 64% of samples revealing at least two species. No sharks were de-
tected in the negative controls (see Materials and Methods). Even after
excluding gray reef and whitetip reef sharks, 68% of eDNA samples re-
vealed one or more shark species. The mean shark diversity per sample
was significantly different between techniques (P < 0.001, Kruskal-
Wallis test), with eDNA detecting at least three times more species
(2.5 ± 1.9; P < 0.001, Dunn’s tests; Fig. 1E) than BRUVS (0.8 ± 0.8)
andUVC(0.2± 0.5). These results suggest that the level of dark diversity
of sharks on New Caledonian coral reefs is much lower than previously
estimated with traditional techniques.

For any given time interval, eDNA detects biodiversity at a greater
spatiotemporal scale than the traditional methods used in this study; this

may de facto increase the number of species detected by eDNA analysis
(18). For example, UVCs sample limited visual areas (<500 m2), within
specific habitats, over short temporal periods (<2 hours) (19). Similarly,
although the bait plume from BRUVS can attract sharks from
surrounding habitats, their detection capabilities are constrained by
both visual range (<50 m) and operation time (a few hours) (12). In
contrast, eDNA may detect species at a greater temporal scale (a few
hours to a few days) due to the persistence of cellular material in the
water (20, 21). Moreover, as water masses are in constant movement
(particularly along the outer slopes of coral reefs), eDNA transported
from different habitats (for example, open ocean) could potentially re-
sult in an overestimation of species richness in a given habitat. However,
apart from occasional coral reef transients (for example, the great
hammerhead, Sphyrna mokarran), all shark species detected by eDNA
are regularly observed in coral reef habitats (Fig. 2) (22). Hence, it is
unlikely that our diversity estimate has been inflated by oceanic inputs
of external eDNA. Moreover, recent studies have indicated that eDNA
analysis is powerful enough to distinguish species assemblages
separated by small distances, even when comparing inshore and
offshore habitats (23, 24).

Persisting shark populations in human-impacted areas
Scientific literature has repeatedly highlighted the footprint of anthro-
pogenic activities on shark populations worldwide [for example, see the
studies of Edgar et al. (25) and Robbins et al. (26)]. Similarly, BRUVS
and UVC surveys suggest that sharks are quasi-absent near Nouméa,
the capital city of New Caledonia (19). Human-induced behavioral
changes have been observed in both terrestrial (27) and marine verte-
brates (28), resulting in an overestimation of fish densities in marine
reserves and an underestimation in impacted areas due to differential
responses to diver presence (29). Little is known about the extent of
similar behavioral sampling bias in sharks (13). However, our results
suggest that this bias may play a role in shark detection, particularly
near densely populated areas, where eDNA detected a significantly
greater diversity of sharks compared to UVC and BRUVS (P < 0.001,
Kruskal-Wallis test; P < 0.001, Dunn’s tests; Fig. 3A). Failure of tradi-
tional methods to detect comparative levels of shark diversity around

Fig. 2. Detectionof shark specieswithdifferent samplingmethods. Venn diagram

showing the species detected by eDNA (n = 22 samples, S = 13 species), UVC (n =

2758 samples, S = 9 species), and BRUVS (n = 385 samples, S = 9 species). Scientific

drawings courtesy of M. Dando.

Fig. 3. Number of shark species per sample in contrast to human impacts. Violin

plot showing detected shark species richness by the differentmethods in (A) impacted

areas (Nouméa, the capital city) and (B) wilderness areas (Chesterfield, D’Entrecasteaux,

Great Northern Lagoon, Petri, and Astrolabe). White dots are mean values; thick black

bars correspond to interquartile ranges; thin black lines are 95% confidence intervals.

Differences between methods are highly significant for both types of areas (P < 0.001,

Kruskal-Wallis tests), with eDNA detecting more species per sample than BRUVS and

UVC (P < 0.001, Dunn’s tests).
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human-populated areas may be a reflection not only of low shark den-
sities but also of avoidance behavior in the remaining individuals. Con-
versely, as sharks in relatively undisturbed areasmaydisplay curiosity or
naivety (29), we would expect BRUVS and UVC to reveal high shark
diversity in “wilderness” areas located more than 20 hours travel time
from themain regional city (19,30).However, eDNAdetected three times
more species in these areas (3.1 ± 2.0) than BRUVS (1.3 ± 0.8) and UVC
(0.9 ± 0.8; P < 0.001, Kruskal-Wallis test; P= 0.001, Dunn’s tests; Fig. 3B),
demonstrating that eDNA appears more effective at estimating dark di-
versity, evenwhen animal behaviormay bias direct observations positive-
ly or negatively. Because of spatial heterogeneity of our sampling design
between the three techniques (Fig. 1A), we performed the same analysis
for overlapping collection sites and found consistent results (fig. S1).

Increased species detectability revealed by
rarefaction curves
Regional species diversity may be assessed by rarefaction curves linking
the number of detected species to sampling effort (31). Rarefaction
curves associated with the three methods (UVC, BRUVS, and eDNA)
were fitted using sixmodels with contrasted features (asymptotic versus
nonasymptotic; two versus three parameters). The best model was non-
asymptotic (power) for UVC-based survey and asymptotic for BRUVS
and eDNA surveys (negative exponential and rational function, respec-
tively; Table 1). The rarefaction curve for BRUVS reached nine species
for the NewCaledonian archipelago after 385 samples (Fig. 4, B and C).
We then fitted the same asymptotic model (rational function) to the
three rarefaction curves to compare their asymptotes. We show that
doubling BRUVS sampling effort would result in the detection of only
a single additional species (Table 1 and Fig. 4D). Meanwhile, the rare-
faction curve for UVC attains nine species after 2758 UVCs (Fig. 4, B
andC).According to the commonmodel, doubling the number ofUVCs
would be required to detect one additional shark species (Table 1 and
Fig. 4D), and both BRUVS and UVC rarefaction curves plateau at 10
species. In contrast, a fewhundred eDNAsamples couldprovide an accu-
rate assessment of regional shark diversity (Fig. 4, B toD, andTable 1),
requiring much less time and equipment than traditional survey
methods. Furthermore, this would rapidly reveal a considerable propor-
tion of shark species unseen by traditionalmethods that tend to overlook
rare and elusive species in regional inventories (Fig. 4A). In addition,
eDNA sampling was only conducted during 3months in 2015, whereas
BRUVS were deployed over a 3-year period (2012 to 2014) and UVC

surveys were conducted between 1986 and 2014, reinforcing the
potential of eDNAmetabarcoding to detect species. Our results are very
conservative in the sense that traditional methods were carried out over
a large spatiotemporal scale; thus, they aremore likely to sample unique
events like rare species appearance or migration.

Limits and uncertainty of species detection
Using the 127–base pair (bp) cytochrome c oxidase subunit I (COI)
fragment, we did not find an unequivocal correspondence betweenmo-
lecular operational taxonomic units (MOTUs) and species because
some MOTUs had 100% sequence identity matches with multiple spe-
cies in theBarcode of LifeData System (BOLD)database (32). This issue
mainly concerns the Carcharhinus genus, which is recognized as taxo-
nomically problematic and polyphyletic (33). Therefore, although 16
different shark MOTUs were identified, we opted for the conservative
approach ofmergingMOTUs to present theminimum species richness
(13 species). With a trade-off between primer universality and taxo-
nomic resolution (16), the imperfect nature of currently available me-
tabarcoding primers introduces a degree of uncertainty regarding the
identification of certain species (34).

Only three species (tiger shark, scalloped hammerhead shark, and
nurse shark) thatwere observedbyUVCand/orBRUVSwerenot detected
by eDNA (Fig. 2). The primers used in this study have already been shown
to be capable of amplifying eDNA from both Sphyrnidae (hammerhead
sharks) and Galeocerdo cuvier (tiger shark), but not Ginglymostomatidae
(nurse sharks), explaining the absence of Nebrius ferrugineus (tawny
nurse shark) from eDNA detections (32). Previous studies have indi-
cated that hammerhead and tiger sharks only occur at very lowdensities
in New Caledonia (12). Although our results show the power and
potential of eDNA for the detection of shark diversity, our sampling
effort was insufficient for an exhaustive survey not only because of sto-
chasticity in polymerase chain reaction (PCR) and sequencing but also
because scalloped hammerhead and tiger sharks may not have been
present at the specific location and time of sampling. It is thus very likely
that increasing the eDNA sampling effort would detect them in New
Caledonia because the rarefaction curves show that eDNA can
outperform the other methods in terms of species detectability (12),
but additional work on refining the design of primers is needed to ce-
ment eDNA as a standard tool for the study of dark diversity of sharks.

There are also important caveats associated with eDNA detection,
and traditional survey methods still have a number of advantages over

Table 1. Models fitted for species rarefaction curves obtained from UVC, BRUVS, and eDNA using the nls function in the stats package and the AICc for

small sample bias (package AICmodavg). The best-fitting model for each sampling technique is in bold, whereas the overall best-fitting model (all three
techniques) is underlined.

Model Formula Asymptotic Number of parameters
AICc

UVC BRUVS eDNA

Power S = aXb No 2 −4345 528 14

Exponential S = a + b log(X) No 2 −191 210 23

Negative exponential S = a(1 − e− bX) Yes 2 4940 281 24

Negative exponential S = a + (b − a)e− cX Yes 3 −609 −675 −19

Monod S = a/(1 + bX− 1) Yes 2 2321 −185 −5

Rational function S = (a + bX)/(1 + cX) Yes 3 −2562 −421 −49
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eDNA methodologies. Foremost, eDNA-based methods cannot pro-
vide information on size, condition, developmental stage (eggs, larvae,
juveniles, and adults), sex, behavior, and movement patterns of the tar-
get organism. Furthermore, when using typically maternally inherited
mitochondrial markers, it remains impossible to distinguish hybrids,
whichmay be the result of breeding between native and invasive species,
from their maternal species. Finally, inferring species abundance from
eDNAstill remains a challenging but promising avenue and is a key area
for further research (32, 35, 36).

New light for megafauna conservation
Here, we highlight the potential of eDNA metabarcoding for the rapid
assessment of elusive megafauna species richness and, for the first time,
for the determination of the extent of purported local species extirpa-
tions.We call for the introduction of eDNAassessments to complement
traditional survey methods for the improvement of species detection
and, hence, more efficient conservation strategies for threatened and
elusive megafauna.

First, eDNA allows the reappraisal of previous estimates of species
occurrences, which are used to define Criteria B of International Union
for Conservation of Nature (IUCN) Red List Categories. With 46.8% of
chondrichthyan species data deficient in IUCN assessments (37), this
knowledge may markedly aid Red List classifications and the design
and implementation of future conservation measures. For instance, a
species is classified as Vulnerable if its extent of occurrence, that is, its
continuous geographic range, is less than 20,000 km2 and declining. This
kind of assessment is hardly achievable, trustable, and repeatable with
traditional sampling methods owing to low detectability. However,
eDNA provides an affordable, powerful, and standardized tool to assess
large-scale occurrences, even for elusivemegafauna. IUCNclassification
can also be based on population size (Criteria C), and although much
more research is needed in this field, quantitative methods to infer
eDNA concentration offer promise toward good estimates of relative
abundance (36, 38). Alternative approaches include detecting and

distinguishing individuals of a given population as a measure of abun-
dance. Differentiating populations from a single shark species has re-
cently been achieved using eDNA (39). This strategy, even in its
infancy, opens a new era in the field of population genetics using eDNA
and in population size assessment, potentially fueling IUCN Criteria C.
Monitoring shark populations of New Caledonia may greatly benefit
from these methodological advances because the effectiveness of con-
servation efforts is still under scrutiny for megafauna (12, 40).

In addition, increased knowledge of dark diversity may guide the
direction of conservation-based decision-making because we can learn
a lot from absent species (6). To halt biodiversity loss, it is imperative to
understand why some species are missing from areas where bio-
geographic history, as well as current ecological and environmental
conditions, predicts their presence. Seeking common characteristics
(for example, ecological needs, dispersal ability, and body size) among
species constituting the dark diversity can help identify key determi-
nants of vulnerability, decline, or extirpation and guide appropriate
management strategies (4).Highproportions of dark diversity in a given
region or area indicate the need for widespread conservation efforts
acrossmultiple species, whereas low proportions of dark diversity suggest
that more tailored solutions are required to reduce pressures on specific
species apparently missing. Areas showing a high observed diversity and
low dark diversity can be considered as refugia and thus potential sources
for recolonization. Consequently, such areas deserve high conservation
priority (6, 41). By contrast, areas with relatively high dark diversity
compared to the observed species richness need restoration efforts
focusing on mitigation of species threats and increasing connectivity.
In New Caledonia, mapping and monitoring the dark diversity related
to the observed diversity of sharks along human gradients would pro-
vide a relevant indicator of wildlife status to inform management.

Large-scale efforts to restore local species pools are more feasi-
ble in terrestrial than in marine environments. For example, creat-
ing habitat connectivity to promote species reestablishment has
previously been shown to be successful [for example, see the study

Fig. 4. Sample-based rarefaction curves. (A) Theoretical illustration of dark diversity measured by traditional methods, simply unseen but illuminated by eDNA,

revealing a lower amount of dark diversity (absent species). Rarefaction curves showing accumulated sampled shark diversity measured by the different techniques

(green, UVC; blue, BRUVS; red, eDNA). (B) Based on all samples. (C) Zoomed in to 30 samples. Error bars indicate SD. (D) Estimated rarefaction curves for UVC, BRUVS,

and eDNA when increasing sampling effort, based on the best common model (rational function).
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of Di Minin et al. (42)]. However, this requires alleviation of the orig-
inal stressors (through, for instance, protected areas) to avoid affecting
newly reconnected populations (42). Assisted reintroduction is another
potential solution in terrestrial habitats, albeit costly and controversial
(43, 44). Because there are fewer manipulative solutions for the marine
environment, the discovery of remaining individuals close to human-
impacted areas requires more immediate, alternative actions, such as
the establishment of marine reserve networks and connecting suitable
habitats, to preserve the remainder of the species and increase popu-
lation densities by decreasing threats. eDNA will most likely prove
progressively useful in marine conservation and hence will be playing
an increasingly important role in the formulation of policies to aid spe-
cies conservation.

MATERIALS AND METHODS

Study sites
The New Caledonian archipelago is located in the southwestern Pacific
Ocean (Fig. 1A). It is composed of “Grande Terre” surrounded by one
of the largest barrier reefs in theworld and numerous isolated islands and
remote reefs. Sampling occurred across theNewCaledonianArchipelago,
including waters from the Coral Sea Marine Park. Study areas encom-
passed a gradient of human density, from high population density (near
the capital, Nouméa) to wilderness reefs at >20 hours travel time from
the main regional city [Chesterfield Reefs, D’Entrecasteaux Reefs,
Astrolabe Reefs, Petri, and Great Northern Lagoon (12, 19, 30)]. The
regional pool of sharks in New Caledonia is inventoried at 49 species,
including 26 shallow-water species (17).

UVC and BRUVS data sets
UVC and BRUVS protocols used in this study are described in detail by
D’Agata et al. (19) and Juhel et al. (12). Here, 2758 UVCs were con-
ducted by day in various coral reef habitats at depths of 1 to 15 m from
1986 to 2014 (Fig. 1A). Three hundred eighty-five BRUVS (45) were
deployed by day at a mean depth of 16 m (±10 m SD; range, 3 to
48 m) in different coral reef habitats between September 2012 and
October 2014. BRUVS are video systems that record for 1 hour in
the presence of standardized bait (1-kg pilchards). Shark occurrence
was measured through video analysis, and species identification was
double-checked by trained operators.

eDNA collection and sample processing
eDNA samples were collected during September toNovember 2015, on
coral reef external slopes, with a reef topography ranging from 20 to
40 m. Each 4-liter water sample consisted of 2 liters sampled at a
depth of 5 m and 2 liters sampled at a depth of 20 m, collected with
a Niskin water sampler. After collection, water samples were individ-
ually covered and stored on ice before filtration. Water was subse-
quently filtered using sterile mixed cellulose esters filters (Merck
Millipore; diameter, 47 mm; pore size, 0.45 mm) and then stored at
−20°C in 2.0-ml screw-cap microcentrifuge tubes containing silica
beads, drying out the filters and preventing DNA degradation (32).
DNA was extracted from the filters using the DNeasy PowerSoil
DNA Isolation Kit (Qiagen), following the manufacturer’s protocol.
Purified extracts were assessed for DNA concentration in a Qubit flu-
orometer (Thermo Fisher Scientific).

Strict adherence to contamination control was followed at all field
and laboratory stages to prevent the occurrence of contamination, in-
cluding the use of disposable gloves and single-use sterile collection

bottles and filtration equipment, and the bleaching (50% bleach) of
sampling devices, laboratory equipment, and surfaces. In addition, a
dedicated controlled eDNA laboratory at the University of Salford, with
separate rooms designated for the physical separation of eDNA extrac-
tion, pre-PCR preparations, and post-PCR procedures, was used for all
laboratorywork. To identify any potential contamination, negative con-
trol DNA extraction blanks (elution buffer from extraction kit) and
PCR blanks were also ran (32).

Library preparation and sequencing
An elasmobranch-specific COI primer set was used for the ampli-
fication of eDNA metabarcoding markers. The previously published
primer set consisted of a novel reverse primer (“Shark COI-MINIR”,
5′-AAGATTACAAAAGCGTGGGC-3′) (46) and two universal fish
barcoding forward primers (FishF2, 5′-TCGACTAATCATAAAGA-
TATCGGCAC-3′; FishF1, 5′-TCAACCAACCACAAAGACATTGG-
CAC-3′) (46, 47), yielding an amplicon of 127 bp. Samples were
sequenced in a single multiplexed Illumina MiSeq run, along with
samples from a related project, which are not included in this study,
for a total of 96 samples including two negative controls, using four sets
of 24 primers with attached eight-base sample-specific oligo-tags
differing in at least three bases (table S1) (48). To increase variability
of the amplicon sequences, a variable number (two, three, or four) of
fully degenerate positions (Ns) was added at the beginning of each
primer (49). The full, sequenced PCR product consisted of 195 bp, in-
cluding the amplicon, primers, sample tags, and leading Ns.

For PCR amplification, a single-step protocol was used, directly at-
taching the eight-base tagged primers. The PCR mix recipe was as
follows: A total volume of 20 ml included 2 ml of 10× buffer (BioLine),
0.6 ml of 50 mM MgCl (BioLine), 0.5 ml each of the 5 mM forward
primers (Eurofins), 1 ml of the 5 mM reverse primer, 0.2 ml of 10 mM
deoxynucleotide triphosphate mix (BioLine), 0.2 ml of BioTaq DNA
polymerase (5 U/ml; BioLine), a standardized amount (10 ng) of the
filter-extracted eDNA template, and 13 ml of sterile water. The PCR
profile included an initial denaturing step of 95°C for 15min, 35 cycles
of 94°C for 1min, 52°C for 1min, and 72°C for 1min and a final exten-
sion step of 72°C for 5min. The quality of all amplificationswas assessed
by electrophoresis, running the products through a 1.5% agarose gel
stained with GelRed (Cambridge Bioscience), and visualized on an ul-
traviolet light platform. All PCR products (including two PCR-negative
controls) were pooled by marker into four multiplex sample pools and
purified usingMinElute columns (Qiagen). Four Illumina libraries were
subsequently built from the four pools, using a NextFlex PCR-free
library preparation kit (Bioo Scientific). The libraries were quantified
using a NEBNext qPCR quantification kit (New England Biolabs) and
pooled in equimolar concentrations along with 1% PhiX (v3, Illumina)
serving as a positive sequencing quality control. The libraries with a final
molarity of 8 pM were sequenced on an Illumina MiSeq platform in a
single MiSeq flow cell using v2 chemistry (2 × 150–bp paired ends).

Bioinformatics analyses
The bioinformatic analysis was based on an OBITools metabarcoding
software suite (50). The pipeline used for data analysis is summarized in
table S2. Quality of the reads was assessed using FastQC. Paired-end
reads were aligned using illuminapairedend, and alignments with qual-
ity scores >40 were kept. The aligned data set was demultiplexed using
ngsfilter. A length filter (obigrep) was applied to the aligned reads (120
to 135 bp), and reads containing ambiguous bases were removed. The
reads were then dereplicated using obiuniq, and a chimera removal step
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was performed using the uchime-denovo algorithm (51) implemented
in vsearch (52). The MOTUs were delimited using the sumaclust
algorithm (50) with a constant similarity threshold of 99%. Taxonomic
assignment of the representative sequences for each MOTU was per-
formed using the ecotag algorithm (50). We built a bespoke elasmo-
branch reference database using a custom R script for retrieving all
COI elasmobranch sequences available from the BOLD database (53),
subsequently selecting those that included our 127-bp target fragment.
The custom R script is available from http://github.com/metabarpark/
R_scripts_querying_databases. To add homologous sequences from
other non-elasmobranch taxa, an in silico PCR was performed against
release R117 of the EMBL-EBI database using ecoPCR (54). Sub-
sequently, the obtained reference sequences were added to the elasmo-
branch sequences obtained from BOLD. These additional reference
sequences were added to our elasmobranch database to avoid the in-
correct assignment of amplified sequences, belonging to other taxa, to
elasmobranchs. This combined reference database is available from
http://github.com/metabarpark/Reference-databases. The final refining
of the data set included taxonomy clustering ofMOTUs assigned to the
same species.

The risk of contamination adds to the challenges associated with
eDNA metabarcoding (18, 55), with the possibility of introducing
false-positive results. It is likely to detect a species represented by a single
sequence read in a sample, but the possibility of contamination or se-
quencing error cannot be excluded as the potential cause of MOTU
detection. We subsequently adopted a conservative approach to our
analyses and removed single-readMOTUs from our samples to avoid
potential false positives.

Statistical analyses
Given the violation of the normality assumption and the unbalanced
design with different number of samples depending on the techniques,
Kruskal-Wallis tests followed byDunn’s tests were performed to test for
differences in shark diversity per sample among techniques. The vegan
package was used for rarefaction analyses, followed by model fitting
using the nls function in the stats package and the Akaike information
criterion corrected for small sample bias (AICc, package AICmodavg).
Modelswere fitted for the threemethods independently (UVC, BRUVS,
and eDNA; Table 1); subsequently, a common model was selected by
comparing AICc for the three methods simultaneously. Statistical
analyses were performed in the R program environment (R Develop-
ment Core Team 2012, version 3.4.0).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/

content/full/4/5/eaap9661/DC1

fig. S1. Number of shark species per sample in overlapping collection sites.

table S1. Full sequences of the 24 tagged primer sets used.

table S2. Metabarcoding pipeline for COI Elasmobranchii Fields et al. primers.
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fig. S1. Number of shark species per sample in overlapping collection sites. Violin plot 

showing detected shark species richness by the different methods in Chesterfield, 

Entrecasteaux, GLN and Nouméa. Only two eDNA samples were collected in GLN (red 

dots). White dots are mean values; thick black bars correspond to interquartile ranges; thin 

black lines are 95% confidence intervals. 

 

 

 

 

 

 

  



!"#$%&'()&*+$$&,%-+%./%,&01&!2%&34&!"55%6&789:%8&,%!,&+,%6)&!"#$%&'(#&$(')$*+&$#,-"$./0$'1-234#4$5"#$&#6#&7#$%&'(#&$,14$,1$#83'(+2,&$(')53&#$+*$5"#$59+$*+&9,&4$%&'(#&7:$

,22$5,;;#4$9'5"$5"#$7,(#$<=>%$5,;$?'1$2+9#&-,7#$'1$5"'7$5,>2#@A$B$6,&',>2#$13(>#&$+*$*322C$4#;#1#&,5#$%+7'5'+17$?D7@$9,7$,44#4$,5$5"#$>#;'11'1;$+*$#,-"$%&'(#&:$5+$'1-&#,7#$

7#83#1-#$4'6#&7'5CA$

;%<%8,%&789:%8,& *08="86&789:%8,&(& *08="86&789:%8,&3&

'2"8>?@AB?CBDB;E!"5F(& DDDD,,-,,;--BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5F(& DD,,-,,;--!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5F(& DD,,-,,;--!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5F3& DDD;;,,5;,;BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5F3& DDD;;,,5;,;!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5F3& DDD;;,,5;,;!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5FG& DD,,55;--;BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5FG& DDDD,,55;--;!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5FG& DDDD,,55;--;!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5F4& DDDD-;,--,5,BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5F4& DD-;,--,5,!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5F4& DD-;,--,5,!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5FH& DDD,5;-5;,-BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5FH& DDD,5;-5;,-!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5FH& DDD,5;-5;,-!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5FI& DD5;,;,-,;BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5FI& DDDD5;,;,-,;!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5FI& DDDD5;,;,-,;!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5FJ& DDDD;,;-55,-BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5FJ& DD;,;-55,-!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5FJ& DD;,;-55,-!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5FK& DDD55,--,;;BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5FK& DDD55,--,;;!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5FK& DDD55,--,;;!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5FL& DD5;,;,;-5BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5FL& DDDD5;,;,;-5!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5FL& DDDD5;,;,;-5!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5(F& DDDD-5;,--55BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5(F& DD-5;,--55!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5(F& DD-5;,--55!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5((& DDD,5;-55;;BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5((& DDD,5;-55;;!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5((& DDD,5;-55;;!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5(3& DD,,-,--;5BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5(3& DDDD,,-,--;5!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5(3& DDDD,,-,--;5!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5(G& DDDD55,--;-5BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5(G& DD55,--;-5!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5(G& DD55,--;-5!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5(4& DDD--,;5,5;BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5(4& DDD--,;5,5;!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5(4& DDD--,;5,5;!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5(H& DD5;,;,5;-BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5(H& DDDD5;,;,5;-!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5(H& DDDD5;,;,5;-!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5(I& DDDD;5;-,,-5BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5(I& DD;5;-,,-5!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5(I& DD;5;-,,-5!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5(J& DDD,-,,--;,BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5(J& DDD,-,,--;,!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5(J& DDD,-,,--;,!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5(K& DD5;,;--5,BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5(K& DDDD5;,;--5,!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5(K& DDDD5;,;--5,!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"5(L& DDDD,5;;,;;5BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"5(L& DD,5;;,;;5!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"5(L& DD,5;;,;;5!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"53F& DDD5-,5,-;-BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"53F& DDD5-,5,-;-!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"53F& DDD5-,5,-;-!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"53(& DD-5;,;5-5BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"53(& DDDD-5;,;5-5!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"53(& DDDD-5;,;5-5!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"533& DDDD;,;;5;,,BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"533& DD;,;;5;,,!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"533& DD;,;;5;,,!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"53G& DDD;;-,5;5,BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"53G& DDD;;-,5;5,!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"53G& DDD;;-,5;5,!/EB/!BB!/B!BBBEB!B!/EE/B/$

'2"8>?@AB?CBDB;E!"534& DD;5;--,5,BBEB!!B/BBBBE/E!EEE/$ *9,2*(E!"534& DDDD;5;--,5,!/BB//BB//B/BBBEB/B!!EE/B/$ *9,2*3E!"534& DDDD;5;--,5,!/EB/!BB!/B!BBBEB!B!/EE/B/$

!



table S2. Metabarcoding pipeline for COI Elasmobranchii Fields et al. primers. 

!"#$%&'()*(+)#%,&-+.(+/"#0((1#'(%)2#3&/4#56%,&/7#8#9:"#;(.6,/&1,(<&+-"#

!""#$!%&'&!()*)%*+,(+-./01-213442156144278&9:;+-./01-213442152144278&9:;+<+=>!&%%=:&:)+,-+

?==*&"!@ABC==*1-./0B+!8+9D=()EF4744+)"9)+BG&*1-./0BA+<+=>!9'"!:+,:+?==*&"!+

%?98!":)(+,:+%?98!":)(1-./018!)"*97:9H+,,8&9:&,=#:'#:+,#+#%!*)%:!8!)*1-./078&9:&+
C==*1-./078&9:&+E+-./078!":)()*78&9:&+

="#>&,/('#2(56(+?(2#3&/4#,(+-/42#@(/3((+#!=:#%+)#!AB#@1#%+)#3&/4#C+,7#DEFGHD"#

=>!?()'+,'+A9);1")%?:IE264A+,'+A9);1")%?:IJ2KLA+,9+AMN/OCPQRSA+-./078!":)()*78&9:&+E+

-./078!":)()*1")%?:I78&9:&+

A"#G'C61#6+&56(#2(52"#

=>!#%!;+,$+9&$'")+-./078!":)()*1")%?:I78&9:&+E++-./07#%!;#)78&9:&+

9"#F4%+-(#&)2#/C#%#24C'/#&+)(<"#F4%+-(#IC'.%/#/C#J2(%'?4"#K(.CJ(#?4&.('%2"#

=>!&%%=:&:)+,,9);,(&%T+-./07#%!;#)78&9:&+<+=>!&%%=:&:)+,,9):,!*)%:!8!)(+ABA-./0AU4V*B+U+
9);1(&%TA+E+-./07%)W78&9:&+
=W!1=>!8&9:&6H9)&(DI+,!+-./07%)W78&9:&+,=+-./07H9)&(DI78&9:&+
H9)&(DI+,,#DI!$)1*)%=H=+-./07H9)&(DI78&9:&+,,9!X)=#:+,,%=%DI!$)(&9+-./07%=%DI!$)(&978&9:&+,,
DI!$)(&9+-./07DI!$)(&978&9:&+,,#DI!$)=#:+-./07#DI!$)=#:7:Y:+

B"#F,62/('#%/#LLM#3&/4#26.%?,62/"#G(/#?,62/('#?(+/('2"#

9#$&D"#9:+,:+47VV+,9+D=#%:+,'+24+-./07%=%DI!$)(&978&9:&+E++-./079#$&D"#9:VV78&9:&+

=>!?()'+,'+AD"#9:)(1D)%:)(A+-./079#$&D"#9:VV78&9:&+E++-./079#$&D"#9:VV7D)%:)(978&9:&+

N"#H%<C+C.&?#%22&-+.(+/#62&+-#(?C/%-"#

)D=:&?+,*+:&Y=19I&(T9+,5+*>1Z"&9$=>(&%DI!!1G&TT)(1):1&"1642[78&9:&+
-./079#$&D"#9:VV7D)%:)(978&9:&+E+-./07)D=:&?78&9:&+

O"#E))#/%<%#%@CJ(#C')('#,(J(,"#

=W!1&**1:&Y=%=$\+,!+-./07)D=:&?78&9:&+,=+-./07)D=:&?78&9:&7&%%=:&:)*7D9H+

8. Recount abundances by sample. 
+
=>!:&>+,=+-./079#$&D"#9:VV78&9:&+E++-./079#$&D"#9:VV7:&>+
=W!1()D=#%:19#$&D"#9:+,!+-./079#$&D"#9:VV7:&>+,=+-./079#$&D"#9:VV7D=#%:97D9H+

9. Combine ecotag and abundance files. 
+
=W!1D=$>!%)+,!+-./07)D=:&?78&9:&7&%%=:&:)*7D9H+,&+-./079#$&D"#9:VV7D=#%:97D9H+,=+
-./01&""1]^P_97D9H+

10. Collapse MOTUs. 
+
=W!1D=""&'9)+,9+2K+,)+``+,!+-./01&""1]^P_97D9H+

11. Curate the dataset manually. 

12. Re-collapse MOTUs after curating. 
+
=W!1D=""&'9)+,9+2K+,)+``+,!+-./01&""1]^P_91D#(&:)*7D9H+

!

!
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!

K[#!

N8! ;`ABkq;:!

P*''*!;0*8)C0*!;&0')*!&>&)'!;7+0!G+'!9F*H;=70*0!9&-4!+-!;0*8)*0!'*8;4!=*!;7'*-')*=!9*!=&!8<'(79*!

9F&-&=B4*!9*!=FUSQ!*->)07--*8*-'&=!;&0!8*'&G&0.79)-:?!.)G=<*!4;<.)6)5+*8*-'!4+0!=*4!.788+-&+'<4!

9*!0*5+)-4?!*-!4*!;*-.(&-'!4+0!=*4!;&'07-4!9*!9)>*04)'<!9F*4;C.*4!*'!9F&G7-9&-.*!9*!60&:8*-'4!9<'*.'<4D!

S&-4!+-!4*.7-9!'*8;4?!*==*!>)4&)'!]!8*''0*!*-!;&0&==C=*!=*4!0<4+='&'4!9*!.*''*!8<'(79*!-7>&'0).*!&>*.!

9*4! &;;07.(*4! ;=+4! '0&9)')7--*==*8*-'! +')=)4<*4! ;7+0! =*! 4+)>)! 9*4! .788+-&+'<4! 9*! 0*5+)-4! &6)-!

9F*H;=70*0! =*4! )8;=).&')7-4! ;744)G=*4! 9*! =F+')=)4&')7-! 9*! .*''*! '*.(-)5+*! 9&-4! =*! 978&)-*! 9*! =&!

.7-4*0>&')7-D!

3*!;0*8)*0!&0').=*!V.(&;)'0*!"X!87-'0*!&)-4)!=*!670'!;7'*-')*=!5+*!;*+'!0*;0<4*-'*0!9&-4!=*!6+'+0!

=F&-&=B4*!9*!=FUSQ!*->)07--*8*-'&=!;&0!8<'&G&0.79)-:!;7+0!=*!4+)>)!9*4!.788+-&+'<4!9*!0*5+)-4D!

_-!*66*'?!.*''*!&;;07.(*!0&;)9*!*'!-7-J)->&4)>*!&!;*08)4!9F)9*-')6)*0!&+!87)-4!"K!*4;C.*4!9*!0*5+)-4!

9&-4!=*4!*&+H!9*!9*+H!978&)-*4!G)7:<7:0&;()5+*4!9)4')-.'4!V=*4!P&0&YG*4!*'!=&!Q7+>*==*JP&=<97-)*XD!E=!

&!&)-4)!<'<!87-'0<!5+*!=*4!;&'07-4!9*!9)>*04)'<!*'!9F&G7-9&-.*!9*!60&:8*-'4!9<'*.'<4!.7Y-.)9*-'!&>*.!

=*4!:0&9)*-'4!9*!;0*44)7-!&-'(07;)5+*!*'!=*4!-)>*&+H!9*!;07'*.')7-!&447.)<4!&+H!R7-*4!<.(&-')==7--<*4D!

E=!)-'*007:*!<:&=*8*-'!4+0!=*!=7-:!.(*8)-!5+F)=!0*4'*!*-.70*!]!;&0.7+0)0!4+0!;=+4)*+04!;7)-'4!4)!

=F7-!>*+'! &;;=)5+*0! .*''*!-7+>*==*!8<'(79*!*'! )-'*0;0<'*0! =*4! 0<4+='&'4!9*!8&-)C0*! &;;07;0)<*D!c7+'!

9F&G709?!9*4!*6670'4!9*>07-'!I'0*!9<;=7B<4!;7+0!9<>*=7;;*0!*'!&66)-*0!=*4!8&05+*+04!87=<.+=&)0*4!&)-4)!

5+*! =*4! G&4*4! 9*! 97--<*4! 9*! 0<6<0*-.*D! _-4+)'*?! &6)-! 9F&+:8*-'*0! =*! -)>*&+! 9*! .78;0<(*-4)7-! 9*!

=F<.7=7:)*!9*! =FUSQ!*->)07--*8*-'&=?! 9*4! 0*.(*0.(*4! 6+'+0*4!97)>*-'! 4*! 67.&=)4*0!9*!8&-)C0*!;=+4!

;0<.)4*! 4+0! =*4! 6&.'*+04! G)7')5+*4! *'! &G)7')5+*4! 5+)! )-6=+*-.*-'! =&! ;079+.')7-?! =&! 0<;&0')')7-! *'! =&!

9<'*.')7-!9*!=FUSQ!*->)07--*8*-'&=D!j)*-!5+*!9*!-78G0*+H!'0&>&+H!&)*-'!<'<!.7-9+)'4!4+0!=&!5+*4')7-?!

.(&5+*!4B4'C8*!9F<'+9*!V.788+-&+'<4!*'!*->)07--*8*-'!9&-4! =*5+*=! =*4!*4;C.*4!5+)! =&!.78;74*-'!

<>7=+*-'X! *4'! '0C4! 9)66<0*-'?! *'! =*4! =&.+-*4! 9&-4! .*! 978&)-*! 0*4'*-'! 97-.! )8;70'&-'*4D!3*4! .78G=*0!

;*08*''0&!9*!8)*+H!&;;0<(*-9*0!=*4!9)66).+='<4!=)<*4!]!9*4!4;<.)6).)'<4!G)7=7:)5+*4?!*'!9F&+:8*-'*0!=*!

-)>*&+! 9*! .7-6)&-.*! 5+*! =F7-! ;7+00&! &..709*0! ]! =F)-'*0;0<'&')7-! 9*4! 0<4+='&'4! 9*4! &-&=B4*4! 9FUSQ!

*->)07--*8*-'&=D! �+&-'! ]! =F+')=)4&')7-! 9*! =FUSQ! *->)07--*8*-'&=! .788*! ;07HB! 9*! =F&G7-9&-.*?!

G*&+.7+;!9F)-'*007:&')7-4!9*8*+0*-'!]!.*!4+@*'D!

3*!;7'*-')*=!9*!=F&-&=B4*!9*!=FUSQ!*->)07--*8*-'&=!;&0!8<'&G&0.79)-:!*4'!*-4+)'*!0<><=<!*'!

9<>*=7;;<!9&-4!=*!4*.7-9!&0').=*!V.(&;)'0*!#X?!-7'&88*-'!&>*.!=&!8)4*!*-!=+8)C0*!9*!.*''*!8<'(79*!

;7+0!=F<'+9*!9*4!*4;C.*4!0&0*4?!87G)=*4!*'!6+0')>*4D!P*'!&0').=*!4F)-'<0*44*!]!+-*!8<'0)5+*!4)8;=*!�!=&!
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K[1!

9)>*04)'<!4;<.)6)5+*!�!*'!87-'0*!5+*!.*''*!8<'(79*!*4'!;078*''*+4*!;7+0!=F<'+9*!9*!'*==*4!*4;C.*4D!_-!

*66*'?!8&=:0<!+-!*6670'!9F<.(&-')==7--&:*!9*!9*+H!7090*4!9*!:0&-9*+0! )-6<0)*+0?! =F&-&=B4*!9*!=FUSQ!

*->)07--*8*-'&=!;*08*'!9*!9<.*=*0!=&!;0<4*-.*!9*!;=+4!9F*4;C.*4!5+*!;&0!=*4!8<'(79*4!'0&9)')7--*==*4?!

]!=&!67)4!9&-4!=*4!R7-*4!;07.(*4!9*!=F(788*!*'!9&-4!=*4!0<.)64!<=7):-<4D!^7+0!=*4!P(7-90).('(B*-4!97-'!

=&!87)')<!9*4! *4;C.*4!7-'!+-! 4'&'+'!9*! .7-4*0>&')7-! )-.7--+!;&0!8&-5+*!9*!97--<*4?!9*!-7+>*==*4!

;*04;*.')>*4!4F7+>0*-'!&=704D!E-.70;70<*!*-!.78;=<8*-'!9F&+'0*4!8<'(79*4!9*!4+)>)?!.*''*!'*.(-)5+*!

;*08*''0&)'!9*!0&;)9*8*-'!7G'*-)0!9*4!)-6708&')7-4!4+0!=&!9)4'0)G+')7-!9*4!*4;C.*4!5+)!@+45+*J=]!<'&)*-'!

8<.7--+*4?!&6)-!9*!;07;74*0!9*4!8*4+0*4!9*!:*4')7-!&;;07;0)<*4!&)-4)!5+*!9*4!4'&'+'4!9*!.7-4*0>&')7-!

=)8)'&-'! -7'&88*-'! =*! .788*0.*! )-'*0-&')7-&=! VPEc_b?! !.'G3'4&.'0 .'0 Y'43#'"4&.'",0 7#":30 &'0

K':"'23#3:0O93$&3)0.<0r&,:05"('"0"':05,.#"X?!G)*-!5+*!9*!-78G0*+4*4!*4;C.*4!9*!0*5+)-4!=)4'<*4!]!

=&!PEc_b!0*4'*-'!;&08)! =*4!*4;C.*4! =*4!;=+4!.788*0.)&=)4<*4!;7+0! =*+04!&)=*07-4! VP&09*�74&!*'!&=D?!

"[KMXD!

! !
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C."B>:!>>!

!

=@AA:=B>l>B<!m<A<B>MD:!OQDA:!:;Cq=:!

=@((DA:!.D!"u9:!<=@9@m>MD:!>(C@"B.AB!:B!

>(C9>=.B>@A;!C@D"!9.!=@A;:"l.B>@A!
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!
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!

P*''*! 9*+H)C8*! ;&0')*! *4'! 9)>)4<*! *-! '07)4! .(&;)'0*4D! _==*! 4*! .7-.*-'0*! 4+0! =&! 4'0+.'+0*! 9*4!

;7;+=&')7-4!9F+-!0*5+)-!0*=&')>*8*-'!.788+-?!G)*-!5+*!5+&4)J8*-&.<!VQc!3)4'*!N7+:*!OEPQXD!P*''*!

*4;C.*?!=*!0*5+)-!:0)4!9*!0<.)6?!!"#$%"#%&'()!"*+,-#%-'$%.)0Vj=**/*0?!KM2aX?!@7+*!+-!0A=*!<.7=7:)5+*!

)8;70'&-'!&+!4*)-!9*4!<.74B4'C8*4!.70&==)*-4!VN766!*'!&=D?!"[KaXD!

3*!;0*8)*0!.(&;)'0*!V.(&;)'0*!1X!&+0&!;7+0!G+'!9*!;0<4*-'*0!=*!.7-'*H'*!4.)*-')6)5+*!:<-<0&=!*'!

=*4! ;0*8)C0*4! G&4*4! 8<'(797=7:)5+*4! 9*! .*''*! ;&0')*D! P*0'&)-4! 0<4+='&'4! )44+4! 9*! =F+')=)4&')7-! 9*!

8<'(79*4!.7+0&88*-'!+')=)4<*4!*-!:<-<')5+*!9*4!;7;+=&')7-4!4*07-'!;0<4*-'<4!9&-4!.*!;0*8)*0!.(&;)'0*!

9&-4!=*!G+'!9*!.788*-.*0!]!0<;7-90*!]!=&!5+*4')7-!4+)>&-'*!m!.788*-'!47-'!4'0+.'+0<*4!=*4!;7;+=&')7-4!

9*!!/0"*+,-#%-'$%.)! &+!-)>*&+!:<-<')5+*!&+!4*)-!9*! =F&0.();*=!9*! =&!Q7+>*==*JP&=<97-)*!*'!]!;=+4!

:0&-9*!<.(*==*!�!

3*! 9*+H)C8*! .(&;)'0*! V.(&;)'0*! 2X! 4F)-'<0*44*! ;=+4! ;0<.)4<8*-'! ]! =&! 4'0+.'+0*! :<-<')5+*!

.&0&.'<0)4<*!9&-4!=*!;0*8)*0!.(&;)'0*?!*-!=&!0*=)&-'!]!9*4!6&.'*+04!G)7:<7:0&;()5+*4!>)&!9*4!&;;07.(*4!

9*!:<-78)5+*!9+!;&B4&:*!;+)4!9*!879<=)4&')7-!;*08*''&-'!9*!;07;74*0!+-*!9<=)8)'&')7-!9F+-)'<4!9*!

.7-4*0>&')7-!]!:0&-9*!<.(*==*!*'!0<47=+')7-!6)-*D!

_-6)-?!=*!9*0-)*0!.(&;)'0*!9*!.*''*!;&0')*!V.(&;)'0*!aX!>)4*!]!*H;=70*0!=&!;=&.*!9*4!0<.)64!<=7):-<4!

;7+0! =&! .7-4*0>&')7-! 9*4! *4;C.*4! 87G)=*4! '*==*4! 5+*! !/0 "*+,-#%-'$%.)D! P*''*! 5+*4')7-! *4'! '0C4!

)8;70'&-'*! ;7+0! .78;0*-90*! =*! 0A=*! 9*! .*4! 0<.)64! 0*6+:*4! ;7+0! 9*! '*==*4! *4;C.*4?! -7'&88*-'! 4F)=4!

;*+>*-'!@7+*0!7+!-7-!=*!0A=*!9*!47+0.*4!0*=)<*4!&+H!R7-*4!&-'(07;)4<*4D!
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CHAPITRE 4 

GÉNÉTIQUE DES POPULATIONS DU REQUIN 

GRIS DE RÉCIF, Carcharhinus amblyrhynchos 

!

78! >AB"@OD=B>@A!

P*!;0*8)*0!.(&;)'0*!)-'079+.')6!&+H!9*+H!4+)>&-'4!;*08*'!9*!;74*0!9&-4!+-!;0*8)*0!'*8;4!=*!

.7-'*H'*!8<'(797=7:)5+*!9*!=&!;&0')*!9*!:<-<')5+*!9*4!;7;+=&')7-4!9*!.*''*!'(C4*D!P*0'&)-4!0<4+='&'4!

4*07-'!*-4+)'*!;0<4*-'<4!9&-4!=*!G+'!9*!.788*-.*0!]!0<;7-90*!]!=&!5+*4')7-!VPX!m!

!VPX! ! ^7+0! +-*! *4;C.*! 5+&4)J8*-&.<*! V!"#$%"#%&'()! "*+,-#%-'$%.)X! 8&)4! 0*=&')>*8*-'!

.788+-*!9&-4!=*4!0<.)64!.70&==)*-4?!.788*-'!47-'!4'0+.'+0<*4!=*4!;7;+=&')7-4!*'!5+*=4!47-'!=*4!;&'07-4!

9*!.7--*.')>)'<!*-!;&B4&:*!(<'<07:C-*!�!

7878!<,R1G*J--)GG1H3!H#G#*JT%3!

3&! 8<'(79*! 9F<.(&-')==7--&:*! :<-<')5+*! &! <'<! ;0<4*-'<*! 9&-4! =*! .(&;)'0*! KD! 3*! ;=&-!

9F<.(&-')==7--&:*!&!<'<!0<&=)4<!.7-@7)-'*8*-'!&>*.!=*!8&05+&:*!&.7+4')5+*!9*4!0*5+)-4!VP(*4'*06)*=9?!

_-'0*.&4'*&+H?!l0&-9!3&:7-!Q709!*'!3&:7-!b+9JQ7+8<&X?!4&+6!;7+0!;=+4)*+04!8)44)7-4!5+)!7-'!;*08)4!

+-!<.(&-')==7--&:*!9&-4!9F&+'0*4!R7-*4!<=7):-<*4!VU4'07=&G*?!%&''(*d!*'!n&=;7=*XD!Q*!4*0&!;&4!9<.0)'!

).)!=F<.(&-')==7--&:*!:<-<')5+*!0<&=)4<!9*!!"#$%"#%&'()0",+&*"#2&'"4()?!.&0!=*4!<.(&-')==7-4!-F7-'!;&4!

*-.70*!<'<!'0&)'<4D!3&!e):+0*!"g!;0<4*-'*!+-!0&;;*=!9*4!<.(&-')==7-4!;0<=*><4!*'!&-&=B4<4D!

3&!9*-4)'<!9*!=F<.(&-')==7--&:*!&!<'<!&+:8*-'<*!9&-4!=*4!0<.)64!9*!=FU4'07=&G*!V^*')'!*'!l0&-9!

U4'07=&G*?!-!�!2K!*'!-!�!1a!0*4;*.')>*8*-'X!9&-4!=*!G+'!9*!0<&=)4*0!+-*!<'+9*!9*!;&0*-'<k60&'0)*!&6)-!

9F<'+9)*0!=&!4'0+.'+0*!6)-*!9*4!;7;+=&')7-4!9&-4!.*4!;*')'4!0<.)64!<=7):-<4!9*!=F(788*!8&)4!;07.(*4!=F+-!

9*!=F&+'0*D!
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!

KK[!

!

78K8!=)G*3a*3!3*!,)--1/)01*J)G$!

3*4!0<.)64!9*!P(*4'*06)*=9!47-'!4)'+<4!]!8)J.(*8)-!*-'0*!=&!l0&-9*!c*00*!*'!=&!l0&-9*!j&00)C0*!

9*!P70&)=!&+4'0&=)*--*!VljNXD!S&-4!.*!.7-'*H'*!:<7:0&;()5+*?!*'!*-!4F)-'*007:*&-'!4+0!=*4!;744)G)=)'<4!

9*!9<;=&.*8*-'4!9*!.*''*!*4;C.*!]! 0*=&')>*8*-'!:0&-9*!<.(*==*! Vf*+;*=!*'!&=D?!"[K[GW!n()'*!*'!&=D?!

"[KZGX?! )=! <'&)'! )-'<0*44&-'! 9F<'*-90*! =F<.(&-')==7--&:*! ]! =FU+4'0&=)*! &)-4)! 5+F]! 9F&+'0*4! R7-*4!

:<7:0&;()5+*4D! O-*! .7==&G70&')7-! &>*.! n)==! N7GG)-4! Vn)=9=)6*! %&0)-*X! *'! ^&7=7! %78):=)&-7!

V%&.5+&0)*!O-)>*04)'BX!&!;*08)4!9F&:0&-9)0!=F<.(*==*!9*!.*''*!<'+9*?!-7'&88*-'!:0\.*!]!=F)-.70;70&')7-!

9*!97--<*4!9*!:<-<')5+*!9<@]!;+G=)<*4!4+0!.*''*!*4;C.*!V%78):=)&-7!*'!&=D?!"[KZ&XD!

S&-4! =F<'+9*! 0<&=)4<*! ;&0!%78):=)&-7! *'! &=D! *-! "[KZ?! .*! 47-'! KZK! <.(&-')==7-4! 5+)! 7-'! <'<!

;0<=*><4! *-'0*! =Fw.<&-! E-9)*-! *'! =Fw.<&-! ^&.)6)5+*! Ve):+0*! #[X?! 4F&@7+'&-'! &=704! &+H! #11! !/0

"*+,-#%-'$%.)!<.(&-')==7--<4!*'!&-&=B4<4!;7+0!=&!:<-<')5+*!*-!Q7+>*==*JP&=<97-)*!=704!9*!8&!'(C4*D!

^&08)! .*4! KZK! <.(&-')==7-4?! ""! 7-'! <'<! ;0<=*><4! 9&-4! =F&0.();*=! 9*4! P(&:74! Vw.<&-! E-9)*-X?! -7-!

;0<4*-'<!4+0!=&!.&0'*D!

5&2(#30?L/0R&,"'0:30,U;$%"'4&,,.''"230*.'4#"'40,3)0)&43)0:309#;,IG3*3'4)/0Q3)0;4.&,3)0#.(23)0).'409,"$;3)09.(#0
&':&$"4&.'J0,"09.)&4&.'038"$430:3)0)&43)0:309#;,IG3*3'40G"#&"'40"(0)3&'0:3)0[.'3)/0Q3)0$%&<<#3)0&':&W(3'40,30'.*+#30
:30#3W(&')0C!"#$%"#%&'()0"*+,-#%-'$%.)D0$"94(#;)0:"')0$%"W(30[.'303409.(#0,3)W(3,)0,3)0;4(:3)0:302;';4&W(30
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;7;+=&')7-4!8&0)-*4!Vw>*-9*-?!"[K#XD!

3*4!7G4*0>&')7-4!6&)'*4!:0\.*!]!=FUSQ!8)'7.(7-90)&=!&>*.!+-!4*+=!8&05+*+0!VQS1X!7-'!;*08)4!

9*!.&0&.'<0)4*0!=&!670'*!9)66<0*-.)&')7-!:<-<')5+*!9*!.*''*!*4;C.*!]!:0&-9*!<.(*==*?!;=+4!)8;70'&-'*!5+*!

.*==*!7G4*0><*!*-!+')=)4&-'!9*4!8&05+*+04!-*+'0*4!VbQ^4!6)='0<4XD!P*.)!;7+00&)'!I'0*!*H;=)5+<!;&0!+-*!

9)4;*04)7-!G)&)4<*!*-!67-.')7-!9+!4*H*?!8&)4!)=!6&+90&)'!&==*0!;=+4!=7)-!9&-4!=*4!&-&=B4*4!;7+0!.7-.=+0*D!

_-!0*>&-.(*?!=&!=)''<0&'+0*!87-'0*!5+*!.*''*!(B;7'(C4*!9*!9)4;*04)7-!G)&)4<*!;&0!=*!4*H*!*4'!=&0:*8*-'!

47+'*-+*?!&>*.!-7'&88*-'!=*4!8\=*4!5+)!9)4;*04*0&)*-'!*-!*66*.'+&-'!9*4!8):0&')7-4!9*!0*;079+.')7-!

=7)-!9*!=*+04!=)*+H!9*!>)*?!*'!=*4!6*8*==*4!;0<4*-'&-'!+-!.78;70'*8*-'!9*!;()=7;&'0)*!V3/2/!P(&;8&-!*'!

&=D?!"[K2!W!^&09)-)!*'!&=D?!"[[KW!^70'-7B!*'!&=D?!"[K2XD!S*!;=+4?!=*4!0<4+='&'4!9*!8&05+&:*!&.7+4')5+*!9+!

^07@*'!U^_q!;7+00&)*-'!&;;70'*0!9*4!<=<8*-'4!9*!0<;7-4*!]!.*''*!5+*4')7-!5+)!0*4'*!*-!4+4;*-4?!.&0!)=!

-F*H)4'*!]!.*!@7+0!&+.+-*!;0*+>*!9)0*.'*!9*!9)4;*04)7-!&+'0*!5+*!=*4!8&05+*+04!:<-<')5+*4D!

^&0!&)==*+04?!=F+')=)4&')7-!9*!8)==)*04!9*!8&05+*+04!&!;*08)4!9F<'&G=)0!=&!4'0+.'+0*!:<-<')5+*!9*4!

;7;+=&')7-4!9*!0*5+)-4!:0)4!9*!0<.)6!]!6)-*!0<47=+')7-!*'!]!:0&-9*!<.(*==*?!&>*.!+-!<.(&-')==7--&:*!5+)!

*4'!;07G&G=*8*-'!=*!;=+4!.78;=*'!*H)4'&-'!]!.*!@7+0D!P*''*!0<47=+')7-!7G'*-+*!:0\.*!]!=F+')=)4&')7-!9*!

8<'(79*4! 0<.*-'*4! 9*! :<-78)5+*! &! ;*08)4! 9*! .7-6)08*0! 5+*! =*4! ;7;+=&')7-4! 9*! !"#$%"#%&'()0

"*+,-#%-'$%.)!;0<4*-'*-'!+-*!(<'<07:<-<)'<!;7'*-')*==*8*-'!9+*!]!9*4!6=+H!9*!:C-*4!>)&!8):0&')7-?!
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9<;*-9&-'!9*!>&0)&G=*4!5+*! =F7-!-F&!;&4!;0)4!*-!.78;'*!9&-4!+-!879C=*!4)8;=*!9F)47=*8*-'!;&0! =&!

9)4'&-.*D!_-!*66*'?!.7-'0&)0*8*-'!]!9*!-78G0*+4*4!*4;C.*4!9*!;7)447-4!744*+H!VP7d*-!&-9!b;7-&+:=*?!

"[[gX?!=*4!0*5+)-4!-F7-'!;&4!9*!;(&4*!9*!9)4;*04)7-!=&0>&)0*!*-!8)=)*+!;<=&:)5+*!V%78):=)&-7!*'!&=D?!

"[K2&X!*'!=*+0!9)4;*04)7-!9<;*-9!&=704!-7-!;&4!9*!=&!9+0<*!9*!;(&4*!=&0>&)0*!*'!9*4!.7+0&-'4!8&0)-4?!!

8&)4! ;=+'A'! 9*! 8<.&-)48*4! .78;70'*8*-'&+H! ;7'*-')*==*8*-'! &447.)<4! &+! ;&B4&:*! 47+4J8&0)-!

4<;&0&-'!=*4!;7;+=&')7-4!*-'0*!*==*4D!

^&0! &)==*+04?! )=! *4'! )-'<0*44&-'! 9*! -7'*0! 5+*! ;7+0! +-! *-4*8G=*! 9Ft=*4! '*==*! 5+*! =&!Q7+>*==*J

P&=<97-)*?!=&!4'0+.'+0&')7-!7G4*0><*!87-'0*!5+*!9*!-78G0*+H!<.(&-:*4!4*8G=*-'!&>7)0!=)*+!&+!4*)-!9*4!

0<.)64!;07.(*4!4<;&0<4!;&0!9*4!*&+H!0*=&')>*8*-'!;*+!;0767-9*4?!.*!5+)!9*>0&)'!6&)0*!9*!=&!;7;+=&')7-!

9*!=&!l0&-9*!c*00*!*'!9*!4*4!*->)07-4!VU4'07=&G*?!_-'0*.&4'*&+H?!l0&-9!3&:7-!Q709!*'!3&:7-!b+9X!+-*!

;7;+=&')7-!0*=&')>*8*-'!0<4)=)*-'*!&+H!;0*44)7-4!(+8&)-*4!4)!.*0'&)-*4!R7-*4!<=7):-<*4!47-'!8)4*4!*-!

;07'*.')7-!0):7+0*+4*D!E=!*4'!&=704!)8;70'&-'!9F*H;=70*0!;=+4!;0<.)4<8*-'!.*''*!4'0+.'+0*!:<-<')5+*!&6)-!

9*! 8)*+H! .&0&.'<0)4*0! =*4! ;&0&8C'0*4! ;*08*''&-'! 9*! ;0<9)0*! =*4! <.(&-:*4! *-'0*! =*4! 9)66<0*-'*4!

;7;+=&')7-4D!j)*-!5+*!=*4!0<4+='&'4!9*!.*!.(&;)'0*!;+)44*-'!I'0*!+')=)4<4!;&0!=*4!:*4')7--&)0*4!&6)-!9*!

;07;74*0! 9*4!8*4+0*4! 9*! .7-4*0>&')7-! &;;07;0)<*4! ;7+0! .*''*! *4;C.*!8*-&.<*! 9&-4! .*0'&)-4! 0<.)64!

.70&==)*-4?! )=! *4'! .=&)0! 5+*!9*! -78G0*+4*4! 5+*4')7-4! 9*8*+0*-'! 5+&-'! ]! =F*H;=70&')7-!9*4! <>*-'+*=4!

;&0&8C'0*4!0<:)44&-'!=&!9)4;*04)7-!9*4!:C-*4!&+!4*)-!*'!*-'0*!=*4!;7;+=&')7-4!)9*-')6)<*4D!
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CHAPITRE 5 

GÉNOMIQUE DU PAYSAGE : DÉLIMITATION 

HIÉRARCHIQUE D’UNITÉS DE 

CONSERVATION 

78! >AB"@OD=B>@A!

7878!@/f3,*JL$!6%!,R1FJ*03!

P*!.(&;)'0*!4*!;*-.(*!4+0!=*4!5+*4')7-4!4+)>&-'*4?!<-7-.<*4!9&-4!=F)-'079+.')7-!:<-<0&=*!9*!.*!

8&-+4.0)'!m!

VPX! ^7+0! +-*! *4;C.*! 5+&4)J8*-&.<*! V!"#$%"#%&'()! "*+,-#%-'$%.)X! 8&)4! 0*=&')>*8*-'!

.788+-*!9&-4!=*4!0<.)64!.70&==)*-4?!.788*-'!47-'!4'0+.'+0<*4!=*4!;7;+=&')7-4!*'!5+*=4!47-'!=*4!;&'07-4!

9*!.7--*.')>)'<!*-!;&B4&:*!(<'<07:C-*!�!

VSX! S&-4!5+*==*!8*4+0*! =&! 4'0+.'+0*!9*4!;7;+=&')7-4!9*!!/0"*+,-#%-'$%.)! ;*+'J*==*! I'0*!

*H;=)5+<*!;&0!9*4!6&.'*+04!G)7:<7:0&;()5+*4!�!^*+'J7-!9<=)8)'*0!9*4!O-)'<4!9*!P7-4*0>&')7-!VPO4X!]!

=F<.(*==*!=7.&=*!*'!:=7G&=*!�!

3*! .(&;)'0*! ;0<.<9*-'! V.(&;)'0*! 1X! &! ;*08)4! 9*! 9<>*=7;;*0! =*! .7-'*H'*! 4.)*-')6)5+*! *'!

8<'(797=7:)5+*!;*08*''&-'!9*!0<;7-90*!]!=&!5+*4')7-!VPX?!*'!&!;*08)4!9FB!&;;70'*0!5+*=5+*4!<=<8*-'4!

9*!0<;7-4*D!_-!;&0').+=)*0?!=&!4'0+.'+0*!*'!.7--*.')>)'<!*-'0*!=*4!;7;+=&')7-4!9*!!/0"*+,-#%-'$%.)!&!;+!

I'0*!*H;=70<*?!8&)4!G*&+.7+;!9F)-'*007:&')7-4!9*8*+0*-'?!-7'&88*-'!=7045+F)=!4F&:)'!9*!.78;0*-90*!

5+*=4! 47-'! =*4! ;&0&8C'0*4! G)7:<7:0&;()5+*4?! &)-4)! 5+*! =*4! (B;7'(C4*4! &447.)<*4?! 5+)! ;7+00&)*-'!

*H;=)5+*0!.*''*!4'0+.'+0*D!

S&-4!.*!.(&;)'0*?! =*4!&-&=B4*4!47-'!;7+44<*4!;=+4!*-!&>&-'!&>*.! =F7G@*.')6!9*!9<>*=7;;*0!+-!

879C=*! ;*08*''&-'! 9F*H;=)5+*0! *'! 9*! ;0<9)0*! =&! 9)66<0*-.)&')7-! :<-<')5+*! 9*4! ;7;+=&')7-4! 9*!

!"#$%"#%&'()!"*+,-#%-'$%.)! *'! &)-4)! .7-'0)G+*0! ]! &8<=)70*0! =*4! ;=&-4! 9*! :*4')7-! 9*! =F*4;C.*D!P*'!

7G@*.')6! 4*! 9<.=)-*! *-! 9*+H! <'&;*4D! S&-4! +-! ;0*8)*0! '*8;4?! )=! 4F&:)'! 9F*H;=70*0! =*4! ;&0&8C'0*4!
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G)7:<7:0&;()5+*4!5+)!;7+00&)*-'!I'0*!]!=F70):)-*!9*!=&!4'0+.'+0*!9*4!;7;+=&')7-4!9*!.*''*!*4;C.*D!3&!

4*.7-9*!*4'!9F)9*-')6)*0!9*4!+-)'<4!9*!.7-4*0>&')7-!VPO4X!&6)-!9*!;07;74*0!+-*!8*)==*+0*!:*4')7-!9*4!

;7;+=&')7-4!9*!.*!0*5+)-?!5+)!8&=:0<!4&!0*=&')>*!&G7-9&-.*?!4+G)'!+-!9<.=)-!]!:0&-9*!<.(*==*D!^7+0!B!

;&0>*-)0?! @F&)!97-.!9<>*=7;;<!+-*!8<'(79*!5+)! 4*0&!9<.0)'*!*-!9<'&)=!&>&-'!9*!;0<4*-'*0! =*!;0*8)*0!

&0').=*!4.)*-')6)5+*!0<4+='&-'!9*!.*4!'0&>&+H!V&0').=*!#!9*!.*!8&-+4.0)'XD!!

P*!.(&;)'0*!4*!>*+'!9)9&.')5+*?!;*08*''&-'!&)-4)!9*!@+4')6)*0!'7+4!=*4!.(7)H!5+)!7-'!<'<!6&)'4!&+!

.7+04! 9*! =F&-&=B4*! 9*4! 97--<*4?! *'! 97--&-'! &+! =*.'*+0! =&! ;744)G)=)'<! 9F&G709*0! =F&0').=*! #! &>*.! =*!

8&H)8+8!9F<=<8*-'4!9*!.78;0<(*-4)7-!5+&-'!&+H!.(7)H!*66*.'+<4!*'!&+H!8<'(79*4!+')=)4<*4D!

78K8!"3-J30!-3$!6)GG#3$!H#G#*JT%3$!1%a!6)GG#3$!63!F14$1H3!

f)4'70)5+*8*-'?! =&! 5+*4')7-! 9*! =&! .7--*.')>)'<! <.7=7:)5+*! &! <'<! 9F)-'<0I'! 8&@*+0! ;7+0! =*4!

G)7=7:)4'*4!9*!=&!.7-4*0>&')7-!VS)./47-!*'!&=D?!"[KMW!f&00)4?!KgM1X?!-7'&88*-'!;7+0!=*!8&)-')*-!9*4!

;07.*44+4!<.7=7:)5+*4!]!:0&-9*!<.(*==*!'*=4!5+*!=&!9)4;*04)7-!*'!=*4!6=+H!9*!:C-*4!V%.N&*!&-9!j*)*0?!

"[[ZXD!S&-4!=*4!;0*8)C0*4!&--<*4!9*!=&!G)7=7:)*!9*!=&!.7-4*0>&')7-?!=*4!<.7=7:+*4!7-'!.788*-.<!]!

<'*-90*!=*4!;0)-.);*4!9*!=&!'(<70)*!9*!=&!G)7:<7:0&;()*!)-4+=&)0*!V%&.U0'(+0!&-9!n)=47-?!KgaZX!]!=&!

.&0&.'<0)4&')7-!9*!=&!.7--*.')>)'<!9*4!;7;+=&')7-4!*-!4*!G&4&-'!4+0!=&!;07H)8)'<!&+H!47+0.*4!V%&.U0'(+0!

&-9!n)=47-?! "[[KX?! ;&0! =F)-'*08<9)&)0*! 9*! .&0'*4! G)-&)0*4! V;0<4*-.*!9F(&G)'&'! 7+!-7-X! Vn)'(! *'! &=D?!

KggZXD!

P78;=<'&-'!&=704!=*4!879C=*4!9F)47=*8*-'!;&0!=&!9)4'&-.*!V&).,"4&.'H+-H:&)4"'.*?!EjSX!Vn0):('?!

Kg1#X?!*4'!&=704!&;;&0+!9&-4!=*4!&--<*4!Kgg[!=*!.7-.*;'!9*!.(*8)-!9*!87)-90*!.7�'!V,3")4H$.)4H9"4%?!

3P^X?!5+)!&!;7+44<!*-!&>&-'!=*!978&)-*!9*!=&!G)7=7:)*!9*!=&!.7-4*0>&')7-!*-!;*08*''&-'!9*!-78G0*+4*4!

&;;=).&')7-4! &+;&0&>&-'! )8;744)G=*4! Vo-&&;*-! *'! &=D?! Kgg"XD!P*! .7-.*;'! 9*!3P^!*4'! &)-4)! G&4<! 4+0!

=F(B;7'(C4*!9F+-!;&B4&:*!(<'<07:C-*?!0*;0<4*-'<!;&0!+-*!4+06&.*!9*!.7�'?!&+'0*8*-'!&;;*=<*!4+06&.*!

9*! 0<4)4'&-.*D! 3*4! .&0'*4! 9*! 0<4)4'&-.*! 47-'! 9*>*-+*4! +-*! .78;74&-'*! *44*-')*==*! 9*4! &-&=B4*4! 9*!

:<-<')5+*!9+!;&B4&:*?!*'!47-'!9<6)-)*4!.788*!9*4!.7+.(*4!4;&')&=*4!0*;0<4*-'&-'!=*!9*:0<!9*!.7-'0&)-'*!

9*4!+-)'<4!9+!;&B4&:*!V3/2/!;)H*=4X!4+0!=*4!87+>*8*-'4!7+!=*4!6=+H!9*!:C-*4!Vb;*&0!*'!&=D?!"[KaXD!3*!

.(*8)-!9*!87)-90*!.7�'!;*+'!&)-4)!I'0*!.&=.+=<!.788*!=&! 07+'*! =&!87)-4!.7�'*+4*!*8;0+-'<*!;7+0!

0*=)*0!9*+H! 4)'*4?! *-!;0*-&-'! *-!.78;'*! =F*-4*8G=*!9*4!+-)'<4! '0&>*04<*4! V3/2/! ;)H*=4!9*! =&! .&0'*!9*!

0<4)4'&-.*X!*'!=*+0!.7�'!&447.)<!V_'(*0)-:'7-!&-9!^*-*=7;*!f7==&-9?!"[K#XD!
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j)*-!5+*!67-9&'*+0!*'!&;;=).&G=*!]!.*0'&)-*4!4)'+&')7-4!;&0').+=)C0*4?!=*!3P^!&!9*4!=)8)'&')7-4!

5+)!*-! 67-'!+-!7+')=!-7-!&9&;'<!]!.*0'&)-4!.&4!7+!70:&-)48*4! Vb&dB*0!*'!&=D?!"[KKXD!_-!*66*'?! .*''*!

8<'(79*! *4'! G&4<*! 4+0! =F(B;7'(C4*! 5+*! =*4! &-)8&+H! .7--&)44*-'! 9*! 8&-)C0*! ;0<.)4*! =*! ;&B4&:*!

*->)07--&-'!*'!4<=*.')7--*-'!=&!07+'*!9*!9)4;*04)7-!7;')8&=*?!;0<4*-'&-'!=&!;=+4!6&)G=*!0<4)4'&-.*!*-'0*!

=*+0!;7)-'!9*!9<;&0'!*'!+-!;7)-'!9F&00)><*!V_'(*0)-:'7-!&-9!^*-*=7;*!f7==&-9?!"[K#W!%.N&*!&-9!j*)*0?!

"[[ZXD!E=!4F&:)'!9F+-*!(B;7'(C4*!670'*!*'!G)*-!5+*!=&!;744)G)=)'<!9F+-*!9)4;*04)7-!9)0*.')7--*==*!&>*.!

.7--&)44&-.*!9*! =&!9*4')-&')7-!-*!47)'!;&4!]!<.&0'*0!;7+0!.*0'&)-4!70:&-)48*4!Vf70'7-!*'!&=D?!"[KZX?!

.*==*J.)!-F*4'!;&4!><0)6)<*!9&-4!G*&+.7+;!9*!.&4!&+!4*)-!9*4!;7;+=&')7-4!-&'+0*==*4!Vj=7./!*'!&=D?!"[KKX?!

;07G&G=*8*-'!4+@*''*4!]!9*4!.78;70'*8*-'4!9F*H;=70&')7-!9*!'B;*!#"':.*!]",M!Ve*00*)0&!*'!&=D?!"[K2W!

^&;&4'&8&')7+!*'!&=D?!"[K#W!b)84!*'!&=D?!"[[MXD!

U)-4)?! &>*.! =F<8*0:*-.*! 9*! -7+>*==*4! <'+9*4! 67.&=)4<*4! 4+0! =*! =)*-! *-'0*! =*! ;&B4&:*! *'! =&!

:<-<')5+*! 9*4! ;7;+=&')7-4! 7+! =&! .7--*.')>)'<! *-! :<-<0&=! V%&-*=! *'! &=D?! "[[#X?! *4'! -<! =*! G*47)-! 9*!

9<>*=7;;*0!9*4!7+')=4!;*08*''&-'!9F)-.70;70*0!9*!8&-)C0*!;=+4!;0<.)4*!=F(<'<07:<-<)'<!9+!;&B4&:*!9&-4!

=*4!<'+9*4!9*!:<-<')5+*!9*4!;7;+=&')7-4!V%.N&*?!"[[aXD!O-*!9*4!8<'(79*4!&=704!;07;74<*4!;*08*''&-'!

9F)->*4'):+*0!=*4!5+*4')7-4!<>75+<*4!;=+4!'A'!*'!9*!;&=)*0!&+H!=)8)'&')7-4!9*!879C=*4!9*!'B;*!3P^!*4'!

=F)47=*8*-'!;&0!0<4)4'&-.*!V&).,"4&.'H+-H#3)&)4"'$3?!EjNX?!+')=)4&-'!;&0!*H*8;=*!=&!'(<70)*!9*4!.)0.+)'4!

V%.N&*?!"[[aW!%.N&*!*'!&=D?!"[[MXD!P*''*!8<'(79*!0<>7=+')7--*!&=704!=*!.(&8;!9*!=&!G)7=7:)*!9*!=&!

.7-4*0>&')7-?!4+0'7+'!*-!8)=)*+!'*00*4'0*?!.&0!*==*!;*08*'!&=704!9*!;0*-90*!*-!.78;'*!=F*-4*8G=*!9+!

;&B4&:*!*->)07--&-'!.788*!>&0)&G=*!*H;=).&')>*!9*!=&!9)66<0*-.)&')7-!:<-<')5+*!7+!.788*!7+')=!9*!

0*4'&+0&')7-!9*!=&!.7--*.')>)'<!<.7=7:)5+*!VS)./47-!*'!&=D?!"[KMW!%.N&*!&-9!j*)*0?!"[[ZXD!

! !
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K8! 9.!Bk<@">:!O:;!=>"=D>B;!C@D"!(@O<9>;:"!9.!=@AA:=B>l>B<!

K878!=)G*3a*3!61G$!-3!6)&1JG3!63!-1!,)G$30P1*J)G!3G!&J-J3%!&10JG!

P78;0*-90*! =&!.7--*.')>)'<!9*4!;7;+=&')7-4!8&0)-*4!*4'!.0+.)&=!;7+0! =&!.7-4*0>&')7-!9*!.*4!
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CHAPITRE 6  

CONNECTIVITÉ DES RÉCIFS ÉLOIGNÉS ET 

IMPLICATIONS POUR LA CONSERVATION DU 

REQUIN GRIS DE RÉCIF 
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Résumé : Les requins forment un des groupes de prédateurs les plus diversifiés, jouant des rôles importants au sein des écosystèmes marins. Ils 

forment également l’un des groupes les plus menacés car vulnérables aux pressions anthropiques du fait de leurs traits de vie particuliers. Leurs 

populations s’effondrent, avec des chutes d’abondance drastiques dans tous les écosystèmes, et même des espèces relativement communes sont 

quasi-menacées. Malgré l’importance des ressources déployées pour le suivi des populations de requins, 41% des 482 espèces recensées dans la 

Liste Rouge de l’UICN n’ont pas de statut de conservation par manque de données. Il devient donc primordial d’améliorer les connaissances sur 

ces espèces afin de les protéger et enrayer leur déclin. Il s’agit notamment de mieux caractériser la présence, la structure et la connectivité des 

populations de requins pour mieux définir leur statut UICN, les zones prioritaires de gestion et optimiser les efforts de conservation mis en place. 

Cette thèse s’appuie sur l’émergence de nouvelles technologies pour combler les lacunes de connaissances sur les requins des récifs coralliens 

tropicaux et proposer des actions de gestion. D’une part, une méthode d’analyse des communautés de requins par collecte et séquençage d’ADN 

présent dans l’environnement (métabarcoding d’ADN environnemental ; ADNe) a été développée au cours de cette thèse, puis mise en parallèle 

avec des suivis exhaustifs par des méthodes traditionnelles d’étude des populations de requins. Cette approche rapide et non-invasive a permis 

d’identifier 21 espèces de requins dans les eaux de deux domaines biogéographiques distincts (Caraïbes et Nouvelle-Calédonie). De plus, les 

patrons de diversité et d’abondance des fragments d’ADNe détectés coïncident avec les gradients de pression anthropique et les niveaux de 

protection des zones échantillonnées. L’analyse de 22 échantillons d’ADNe dans l’archipel de la Nouvelle-Calédonie a permis de déceler la 

présence de plus d’espèces que par 2 758 plongées scientifiques réparties sur presque 30 ans et 385 caméras appâtées déployées pendant deux ans, 

et ce, à la fois proche de l’homme et dans les récifs éloignés. D’autre part, la structure et connectivité des populations d’une espèce plus commune, 

Carcharhinus amblyrhynchos, ont été caractérisées par une approche de génomique du paysage. Cette thèse s’appuie sur un échantillonnage 

génétique conséquent en Nouvelle-Calédonie et dans plusieurs autres sites de l’Indo-Pacifique (515 requins). Une approche d’isolement par la 

résistance via la théorie des circuits a été développée afin de caractériser les paramètres influençant la dispersion de cette espèce. Ainsi, il a été 

montré que les zones de forte bathymétrie constituent une forte barrière à la dispersion tandis que la proximité à l’habitat récifal en est un 

facilitateur. La modélisation de la différenciation génétique à haute résolution et à l’échelle de l’aire de répartition de cette espèce (Indo-Pacifique) 

a permis de définir des unités de conservation hiérarchiques et un nombre important de sites isolés. Enfin, une approche intégrant le déclin des 

abondances dans les zones anthropisées a montré une fragmentation des populations de C. amblyrhynchos et a permis d’identifier certains récifs 

éloignés de l’homme comme refuges mais aussi sources pour un repeuplement éventuel des récifs où les populations sont menacées. Cette thèse 

démontre ainsi le potentiel de l’analyse de l’ADNe pour dévoiler la présence d’espèces rares et furtives telles que les requins, donnant espoir pour 

combler les lacunes dans leurs statuts de conservation UICN. Elle révèle également la persistance des populations résiduelles en milieu anthropisé, 

qui pourraient éventuellement montrer des altérations comportementales comme l’utilisation d’habitats plus profonds ou une nocturnalité plus 

importante. Elle décrit enfin non seulement la structure fine à grande échelle des populations d’une espèce quasi-menacée, mais identifie également 

des unités de conservation et des zones prioritaires à protéger pour une spatialisation des mesures de gestion à différentes échelles. 

Mots-clés : requins, génomique du paysage, ADN environnemental, récifs coralliens, écologie, conservation. 

 

Abstract: Sharks represent one of the most diverse groups of predators, playing important functional roles in coastal and oceanic ecosystems. 

They are also one of the most threatened groups because of their vulnerability to anthropogenic pressures due to their particular life history traits. 

Shark populations are therefore collapsing with drastic decrease in abundance in all marine ecosystems. Even relatively common species are near-

threatened. Despite the deployment of important resources for shark population assessments, 41% of the 482 shark species on the International 

Union for Conservation of Nature (IUCN) Red List of Threatened Species lack a conservation status due to data deficiency. Improving our 

knowledge on such species is thus crucial for efficient protection to slow down their decline. More particularly, there is a necessity for a better 

characterization of presence, structure and connectivity of shark populations to define their conservation status, prioritize spatial management and 

optimize conservation efforts. This thesis relies on the emergence of new technologies to fill knowledge gaps on tropical coral reef sharks and to 

suggest conservation measures for better management. First, a method to survey shark communities has been developed during this thesis, based 

on the collection and sequencing of DNA present in the environment (environmental DNA metabarcoding; eDNA). Then, this method has been 

compared to exhaustive surveys of reef shark communities with traditional methods. This quick and non-invasive approach detected at least 21 

shark species in waters of two distinct biogeographical areas (Caribbean and New Caledonia). Moreover, diversity and abundance patterns of 

DNA reads match with anthropogenic impact gradients and protected status of the sampled areas. The analysis of 22 eDNA samples detected more 

species in both remote reefs and impacted areas of the New Caledonian archipelago than 2758 scientific dives conducted during nearly 30 years 

and 385 baited remote underwater videos deployed over two years. Then, population structure and connectivity of a more common reef shark 

species, Carcharhinus amblyrhynchos, have been characterized using a seascape genomics approach. This thesis is based on a substantial genetic 

sampling in the archipelago of New Caledonia but also in several other sites in the Indo-Pacific (515 sharks in total). An isolation-by-resistance 

approach using circuit theory has been developed to explore what parameters are driving the genetic differentiation of C. amblyrhynchos. Here I 

show that deep oceanic areas act as strong barriers and proximity to habitat is a facilitator for dispersal. High-resolution modelling of genetic 

differentiation at the entire distribution range of the species (Indo-Pacific) led to the definition of hierarchical conservation units and a high number 

of isolated sites. Then, an approach taking into account the decline of abundance in impacted reefs showed an important fragmentation of shark 

populations and allowed the identification of remote reefs as refuges but also sources through dispersal towards impacted areas, insuring population 

persistence at a regional scale. This thesis demonstrates the potential of eDNA analysis for unveiling the presence of rare and elusive species such 

as sharks and for filling knowledge gaps in the conservation status of sharks. It also reveals the persistence of residual populations in impacted 

areas, that could show behavioral alterations like shifts in habitat use towards deeper waters or increased nocturnality. Finally, this thesis not only 

describes the population structure of a near-threatened species at high resolution and global scale, but also identifies conservation units and areas 

of high conservation priority that could help in the near future for the spatialization of marine management at multiple scales. 

Keywords: sharks, seascape genomics, environmental DNA, coral reefs, ecology, conservation. 


