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)'2I5=!65&!$&,7I#9,004!&')5G#3$!&'$#531!56!05J!9536#='39'!25!)5&'!',1#04!#32'&7&'2!

&'1%021!J,1!,015!='19&#*'=.!_4752I'1'1!56!$&',2'&!9531%)72#53!56!9'&2,#3!7&'4!*4!6#1I!

J#2I!9'&2,#3!)5&7I505$#'1\!,1!5*1'&G'=!#3!7,12!12%=#'1\!J'&'!2'12'=.!TI#1!#3#2#,0!

='6#3#2#53!J,1!3'9'11,&4!,1!,!*,1'0#3'!25!%3='&12,3=!I5J!)5&7I505$#9,0!7,22'&31!#3!

V9'0,3=#9!S&92#9!9I,&&!G,&4!,9&511!0,@'1.!!

! TI'!2I#&=!9I,72'&!7&'1'32'=!,!)'2I5=!65&!%1#3$!)#82%&'!)5='01!25!='2'92!

7504)5&7I#1)!#3!0,@'1!,9&511!V9'0,3=!%1#3$!95))53!)'2&#91!25!6,9#0#2,2'!9&511O1412')!

95)7,&#1531.!V3!',9I!0,@'\!)5='01!J#2I!53'\!2J5\!5&!2I&''!$&5J2I!9%&G'1!J'&'!

95)7,&'=!25!='2'&)#3'!JI'2I'&!$&5J2I!=#66'&'32#,2#53!95%0=!*'!='2'92'=.!B#@'J#1'\!

)5='01!9532,#3#3$!53'!5&!2J5!)5&7I505$#9,0!=#12&#*%2#531!J'&'!95)7,&'=!25!='2'92!

)5&7I505$#9,0!=#66'&'32#,2#53.!F'1%021!J'&'!2I'3!95)7,&'=!25!'9505$#9,0!G,&#,2#53!

,)53$!0,@'1!25!2'12!053$O12,3=#3$!I4752I'1'1!56!JI'2I'&!&'15%&9'!7504)5&7I#1)!
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599%&1!)5&'!6&'W%'3204!%3='&!953=#2#531!56!-[!I#$I!#32&,17'9#6#9!95)7'2#2#53\!:[!I#$I!

3#9I'!,G,#0,*#0#24\!5&!?[!7&'=,25&!,G5#=,39'.!

! TI'!65%&2I!9I,72'&!'8705&'=!'9505$#9,0!G,&#,2#53!#3!S&92#9!9I,&&!6&5)!65%&!0,@'1!

#3!15%2IJ'12'&3!S0,1@,.!V2!%1'=!2I'!)'2I5=1!='G'057'=!#3!/I,72'&!?!25!='2'92!2I'!

7&'1'39'!56!7504)5&7I#1)!,3=!='$&''!56!=#66'&'32#,2#53!#3!S&92#9!9I,&&!757%0,2#531!

6&5)!0,@'1!2I,2!=#66'&'=!$&',204!#3!1#M'\!'0'G,2#53\!,3=!6#1I!=#G'&1#24.!"5005J#3$!2I#1\!

0,@'1!9I,&,92'&#M'=!,1!7504)5&7I#9!J'&'!'8705&'=!6%&2I'&!65&!=#66'&'39'1!#3!=#'2\!

)'&#12#9!95%321!56!$#00!&,@'&1!,3=!7405&#9!9,'9,'\!,3=!$53,=!1#M'!&'0,2#G'!25!*5=4!1#M'.!

T&'3=1!#3!)5&7I505$4!J#2I!=#'2!J'&'!,015!95)7,&'=!J#2I#3!)535)5&7I#9!$&5%71!25!

='2'&)#3'!JI'2I'&!,!9532#3%5%1!&'0,2#531I#7!*'2J''3!)5&7I505$4!,3=!=#'2!95%0=!*'!

='2'92'=.!

! TI'!6#62I!9I,72'&!659%1'=!53!%3='&12,3=#3$!I5J!&'15%&9'!7504)5&7I#1)!

,66'921!0,@'!655=!J'*1.!V2!J,1!,!95)7,&#153!56!655=!J'*1!6&5)!-U!0,@'1!#3!V9'0,3=#9!

,3=!E!0,@'1!#3!S0,1@,3!0,@'1!2I,2!G,&#'=!#3!2I'!7&'1'39'!56!7&'4!6#1I!5&!95)7'2#25&1.!V3!

7,&2#9%0,&\!I4752I'1'1!J'&'!,==&'11'=!&'$,&=#3$!JI'2I'&!7504)5&7I#1)!5&!2I'!

7&'1'39'!56!7&'4!6#1I!#39&',1'=!G,&#,*#0#24!#3!2&57I#9!751#2#53!5&!2I'!*&',=2I!56!9,&*53!

%1'=!6&5)!2I'!0#)3'2#9!,3=!*'32I#9!655=!9I,#31.!V3!,==#2#53\!'3G#&53)'32,0!G,&#,*0'1!

J'&'!,015!95)7,&'=!25!2I'1'!9I,&,92'&#12#91!25!='2'&)#3'!I5J!655=!J'*!12&%92%&'!

G,&#'=!J#2I!2I'!7I41#9,0!'3G#&53)'32.!!

F'6'&'39'1!9#2'=!,&'!$#G'3!,62'&!',9I!1'92#53!56!2I'!=#11'&2,2#53\!*%2!,!

*#*0#5$&,7I4!#1!$#G'3!,2!2I'!'3=!25!#390%='!,==#2#53,0!&'6'&'39'1!2I,2!J'&'!%1'6%0!

2I&5%$I!2I'!95%&1'!56!2I#1!12%=4.!

/;<;5;39;=&
S=,)1\!/.N.\!H',3\!/.Y.\!"&,1'&\!<.\!C,#20,3=\!+.R.!:UUQ.!/531'&G,2#53!,3=!),3,$')'32!

56!2I'!S&92#9!9I,&&f!,!65&J,&=!G#'J.!N950.!"&'1IJ,2'&!"#1I!->f!:!g!;.!
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/,&=#3,0'\!H.c.\!R&#G,12,G,\!<.R.\!<%664\!c.N.\!Y&#$I2\!c.+.\!<5J3#3$\!S.B.\!R,3@,&,3\!C.\!

c5%1',%\!/.!:UU>.!N66'921!56!*#5=#G'&1#24!53!2I'!6%392#53#3$!56!2&57I#9!$&5%71!

,3=!'951412')1.!(,2%&'!EE?f!DKD!gDD:.!
Dieckmann, U., Metz, J.A.J., Doebeli, M., and Tautz, D. 2004. Introduction. In: Adaptive 

Speciation. Cambridge University Press, Cambridge. 460 pp. 

Griffiths, D. 1994. The size structure of lacustrine Arctic charr (Pisces: Salmonidae) 

populations. Biol. J. Linn. Soc. 51: 337 – 357. 

Harmon, L.J., Matthews, B., Des Roches, S., Chase, J.M., Shurin, J.B., and Schluter, D. 

2009. Evolutionary diversification in stickleback affects ecosystem functioning. 

Nature 458: 1167 – 1170. 

c'7153\!+.\!,3=!/,33'4\!R.!:UU?.!P,0%'1O0'=!9531'&G,2#53.!A05*.!N950.!H#5$'5$.!-:f!:Q-!g!

:QE.!

ca3,1153!+.C.\!ca31153\!H.\!,3=!R,3=0%3=\!L.T.!-DDK.!/532#3'32,0!&#62#3$!,3=!I,*#2,2!

65&),2#53f!S&'3,!65&!&'15%&9'!7504)5&7I#1)!#3!S&92#9!9I,&&.!S)*#5!:Qf!->:O

->D.!

`,&12OF#==59I\!T.B.\!C,0)W%#12!_.c.\!,3=!R)50\!c.+.!:UUD.!F'0,2#531I#71!*'2J''3!

6&'1IJ,2'&!1'=#)'32,&4!=#,25)1!,3=!'3G#&53)'32,0!G,&#,*0'1!#3!R%*,&92#9!

V9'0,3=#9!0,@'1.!"%3=.!S770.!B#)350.!-Q;f!-!g!:K.!

C,0)W%#12\!_.c.!'2!,0.!:UUU.!H#5=#G'&1#24!56!),9&5#3G'&2'*&,2'1!53!&59@4!1%*12&,2'!#3!

2I'!1%&6!M53'!56!V9'0,3=#9!0,@'1.!g!P'&I.!V32'&3,2.!P'&'#3.!B#)350.!:Qf!-:-!g!-:Q.!
Robinson, B.W.,  and Wilson, D.S. 1994. Character release and displacement in fishes: a 

neglected literature. Am. Nat. 144: 596 – 627. 

R,3=0%3=\!L.T.\!A%33,&153\!`.\!ca3,1153\!+.C.\!ca31153\!H.\!B#3=')\!T.\!C,$3%1153\!`.+.\!

C,0)W%#12\!_.c.\!R#$%&^a31=a22#&\!_.\!R@d0,153\!R.\!,3=!R35&&,153\!R.R.!-DD:.!TI'!

S&92#9!9I,&&!!"#$%#&'()*"#+&'()!#3!TI#3$G,00,G,23.!L#@51!>Ef!?U;!g!?;-.!

R9I#3=0'&\!<.Y.\!,3=!R)50\!c.+.\!:UU>.!/%)%0,2#G'!'66'921!56!90#),2'!J,&)#3$!,3=!52I'&!

I%),3!,92#G#2#'1!53!6&'1IJ,2'&1!56!S&92#9!,3=!1%*,&92#9!(5&2I!S)'&#9,.!S)*#5!

?;f!->U!g!->K.!

R@d0,153\!R.\!,3=!R)#2I\!T.H.!-DD;.!F'15%&9'!7504)5&7I#1)1!#3!G'&2'*&,2'1.!T&'3=1!

N950.!NG50.!-Uf&?>>!g!?QU.!

R@d0,153\!R.\!S32531153\!T.\!A%h*'&$1153\!A.\!C,0)W%#12\!_.c.\!,3=!R35&&,153\!R.R.!-DD:.!

P,&#,*#0#24!#3!V9'0,3=#9!S&92#9!9I,&&.!V9'0.!S2&.!R9#.!>f!-E?O-;?.!

R@d0,153\!R.\!R35&&,153\!R.R.\!,3=!ca31153\!H.!-DDD.!R4)7,2&#9!)5&7I1\!757%0,2#531!,3=!

17'9#,2#53!#3!6&'1IJ,2'&!6#1I!J#2I!')7I,1#1!53!,&92#9!9I,&&.!77.!QU!g!D:!V3!

NG50%2#53!56!H#505$#9,0!<#G'&1#24\!'=1.!S.N.!C,$%&&,3!i!F.C.!C,4.!

R@d0,153\!R.\!R35&&,153\!R.R.\!(5,@'1\!<.B.A.\!"'&$%153\!C.C.\!,3=!C,0)W%#12\!_.c.!-DKD.!
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R'$&'$,2#53!#3!17,J3#3$!,3=!',&04!0#6'OI#125&4!,)53$!7504)5&7I#9!S&92#9!9I,&&\!

!"#$%#&'()*"#+&'()\!#3!TI#3$G,00,G,23\!V9'0,3=.!c.!"#1I!H#50.!?;f!::;!g!:?:.!

R)#2I\!T.H.\!,3=!R@d0,153\!R.!-DD>.!NG50%2#53,&4!1#$3#6#9,39'!56!&'15%&9'!

7504)5&7I#1)1!#3!6#1I'1\!,)7I#*#,31\!,3=!*#&=1.!S33.!F'G.!N950.!R412').!:Qf!

---!g!-??.!

R35&&,153\!R.R.!,3=!R@d0,153\!R.!:UUE.!S=,72#G'!R7'9#,2#53!#3!35&2I'&3!6&'1IJ,2'&!

6#1I'1.!g!V3f!<#'9@),33\!X.!'2!,0.!Z'=1[\!S=,72#G'!R7'9#,2#53\!/,)*&#=$'!X3#G.!

+&'11\!77.!:-U!g!::K.!!
Waples, R.S., and Hendry, A.P. 2008. Special issue: Evolutionary perspectives on salmonid 

conservations and management. Evol. Appl. 1: 183 – 188.!

!

!
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)?@A4;5&:0&B@51@C1D14E&13&<8394163@D&56D;&6<&4?;&963=8F;5&

"59419&9?@55&!"#$%#&'()*"#+&'()&@=&14&5;D@4;=&46&D@G;&;96=E=4;F&

9?@5@94;51=419=&

:0I&"C=45@94&

TI#1!12%=4!#3G'12#$,2'=!I5J!=#'2,&4!I,*#21!G,&4!J#2I!2I'!'9505$#9,0!0,3=19,7'!

#3!,!17'9#'1!2I,2!'8I#*#21!'82&')'!)5&7I505$#9,0!,3=!'9505$#9,0!G,&#,*#0#24\!2I'!S&92#9!

9I,&&!R,0G'0#3%1!,07#3%1.!V9'0,3=!#1!,!I521752!56!$'505$#9,0!,92#G#24\!15!#21!6&'1IJ,2'&!

'951412')1!G,&4!$&',204!#3!7I41#9,0!,3=!9I')#9,0!,22&#*%2'1.!(,2%&,0!,1159#,2#531!56!

=#'2,&4!#2')1!J#2I#3!$%21!J'&'!%1'=!25!65&)!7&'4!9,2'$5&#'1!2I,2!&'60'92!7&'4!I,*#2,21!

,3=!6''=#3$!*'I,G#5&!,1159#,2'=!J#2I!2I').!R#8!7&'4!9,2'$5&#'1!J'&'!='6#3'=f!13,#01!

ZF,=#8!7'&'$&,[\!2,=750'!1I&#)7!ZB'7#=%&%1!,&92#9%1[\!7',!90,)!Z+#1#=#%)!177.[\!2I'!

90,=59'&,3!H51)#3,!17.\!9I#&535)#=!7%7,'\!,3=!6#1I!ZA,12'&512'%1!,9%0',2%1[.!

F')5G,0!56!#3=#G#=%,0!G,&#,2#53!*4!1%))#3$!=#'21!5G'&!0,@'1!5*19%&'=!I,*#2,2!

,1159#,2#531\!#3=#9,2#3$!2I,2!#3=#G#=%,01!95O599%&&#3$!#3!2I'!1,)'!0,@'!'8I#*#2'=!

=#66'&'32!I,*#2,2O17'9#6#9!6''=#3$.!j5570,3@2#G5&4!,3=!7#19#G5&4!95O599%&&'=!J#2I!

9531%)72#53!6&5)!566O1I5&'!,3=!0#225&,0!*'32I#9!I,*#2,21\!&'17'92#G'04\!1%775&2#3$!2I'!

#=',!2I,2!*'32I#9!655=1!1%770')'32!7'0,$#9!=#'21.!/531%)72#53!J#2I#3!='6#3'=!7&'4!

9,2'$5&#'1!J,1!,3,04M'=!#3!&'0,2#53!25!$'5$&,7I4!,3=!'3G#&53)'32,0!0,@'!

9I,&,92'&#12#91!25!='2'&)#3'!I5J!=#'2!9I,3$'=!J#2I!,*#52#9!,3=!*#52#9!6,925&1.!

F'=%3=,394!,3,041'1!1I5J'=!2I,2!G,&#,2#53!#3!=#'2!J,1!&'0,2'=!25!9I,&,92'&#12#91!53!

2I'!19,0'!56!2I'!7&'4k1!'3G#&53)'32f!7#19#G5&4!='7'3='=!53!*&5J3!2&5%2!,*%3=,39'!

,3=!)',3!0,@'!='72I\!M5570,3@2#G5&4!J,1!0#3@'=!25!0,2#2%='!,3=!9I')#9,0!953=#2#531\!

,3=!*'32I#9!&'15%&9'!9531%)72#53!J,1!,1159#,2'=!J#2I!)',3!0,@'!='72I!,3=!,02#2%='.!
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TI#1!12%=4!1I5J1!2I,2!2&'3=1!7&'G#5%104!5*1'&G'=!,9&511!6#1I!17'9#'1!J'&'!1%775&2'=!

,2!2I'!#32&,17'9#6#9!0'G'0\!#3=#9,2#3$!2I,2!,!1#3$0'!17'9#'1!J#2I!60'8#*0'!=#'2,&4!I,*#21!6#00!

6%392#53,0!&50'1!'87'92'=!56!)%02#70'!17'9#'1!#3!)5&'!=#G'&1'!655=!J'*1.!/531'W%'39'1!

56!2I#1!=#'2!G,&#,2#53!53!G,&#,2#53!#3!655=!J'*1!,3=!'951412')!7&59'11'1!,&'!=#19%11'=.!

:0:&,34567894163&

S02I5%$I!17'9#'1!,&'!9531#='&'=!1#3$%0,&!%3#21!56!*#505$#9,0!=#G'&1#24\!

9531#='&,*0'!'9505$#9,0!G,&#,*#0#24!599%&1!J#2I#3!17'9#'1\!'17'9#,004!#3!=#'2!,3=!6''=#3$!

*'I,G#5&\!)5&7I505$4\!0#6'!I#125&4\!,3=!&'7&5=%92#G'!9I,&,92'&#12#91.!TI#1!#32&,17'9#6#9!

G,&#,2#53!9,3!I,G'!#)75&2,32!9531'W%'39'1!53!757%0,2#53!12&%92%&'!,3=!'G50%2#53,&4!

=43,)#91!ZH503#9@!'2!,0.\!:UU?l!`3%=1'3!'2!,0.\!:U-U[\!,1!J'00!,1!2I'!17'9#'1]!&50'!J#2I#3!

#21!'395)7,11#3$!'951412')!Z_,&)53!'2!,0.\!:UUD[.!TI'!$5,0!56!2I#1!12%=4!#1!25!

9I,&,92'&#M'!=#'2,&4!2&'3=1!,9&511!,!*&5,=!$'5$&,7I#9,0!19,0'!25!$,#3!,!*'22'&!$&,17!56!

I5J!2I'!6%392#53,0!&50'!56!,!9531%)'&!G,&#'1!J#2I!2I'!'3G#&53)'32.!

Feeding is the main route by which fish can affect ecosystem properties. Through 

different dietary habits, they can structure carbon flow and change energy transfer pathways 

through food webs by causing trophic cascades (Schindler et al., 1997; Hulot et al., 2000; 

Jeppesen et al., 2003; Taylor et al., 2006), add trophic levels (Post et al., 2000; Vander 

Zanden & Fetzer, 2007), or utilize allochthonous energy subsidies (Cole et al., 2006). In 

addition, fish can affect nutrient cycling by either recycling nutrients within water columns 

or transferring digested nutrients from benthic prey to the water column during excretion, 

thereby supporting nutrient availability within the water column (Schindler & Scheurell, 

2002; Vanni 2002). 

The realized effects that fish have on an ecosystem depends on the prey taxa 

consumed, which represents a complex interaction of feeding behavior, functional 
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morphology, and environmental factors. Morphological specialization may or may not 

reflect behavioral constraints, since fish with a specialized morphology can have diverse 

feeding capabilities (Liem 1980). Diverse feeding within a species is accomplished through 

behavioral flexibility or switching, leading to “generalist” feeding, “omnivory” (i.e., feeding 

a different trophic levels), or “resource polymorphism” (Post et al., 2000; Schaus et al., 

2002; Vander Zanden & Vadeboncoeur, 2002; McCann et al., 2005). Past studies have 

focused mainly on the role of temporal ecological changes in diverse feeding, but spatial 

variation may also be apparent across ecosystems (McCann et al., 2005; Verant et al., 

2007). For example, shoreline complexity affects relative use of the littoral area by 

piscivores (Dolson et al., 2008), ecosystem size affects the development of high trophic 

positions (Post et al., 2000; Vander Zanden & Fetzer, 2007), and the presence of submerged 

structures affects prey species abundances based on habitat availability (Okun et al., 2005). 

Furthermore, biotic interactions influence relative consumption of prey taxa through 

competition (Hesthagen et al., 1997; Forseth et al., 2003) or predation risk that affects 

habitat use (Okun et al., 2005).  

  This study investigated how dietary habits vary with the abiotic and biotic 

ecosystem characteristics in a species that exhibits extensive morphological and ecological 

variability, the Arctic charr Salvelinus alpinus. Arctic charr dietary habits are diverse 

ontogenetically (Byström & Andersson, 2005), across lakes and populations (Skúlason et 

al., 1992; Jonsson & Jonsson, 2001; Gantner et al., 2010; Alekseyev et al., 2002; 

Klemetsen, 2010), and seasonally or annually (Saskgård & Hesthagen, 2004, Amundsen et 

al., 2008, Corrigan et al., 2011). In addition, they reflect resource polymorphism, in which 

phenotypic variation yields a functional advantage to consume certain prey within certain 

habitats (Malmquist 1992; Malmquist et al., 1992; Adams and Huntingford 2002; 



 

 

11 

Andersson 2003; Snorrason & Skúlason, 2004; Knudsen et al., 2010). The availability of 

Arctic charr diet data from the project Ecological Survey of Icelandic Lakes (ESIL, 

Malmquist et al., 2000; Karts-Riddoch et al., 2009) yields a unique opportunity to study diet 

variation at the novel scale of an intraspecific study across locations that show extreme 

physical diversity due to their various geological ages (Jónasson et al., 1998).  

This study analyzed patterns of prey taxa eaten by Arctic charr across Iceland to lay 

groundwork for an understanding of how diet variation in an ecologically diverse species is 

related to the ecosystem, and can therefore systematically affect the ecosystem. To do this, 

this study addressed 1) how associations of prey taxa within individual guts reflected habitat 

associations and feeding strategies, 2) whether associations among prey taxa based on co-

occurrence within individual guts were lost when individual variation is removed by 

aggregating on the scale of whole lakes, and 3) how dietary variation was related to lake 

environment. For the first analysis, we expected that prey taxa co-occur in guts due to 

similarities in habitat. Therefore, similarities in habitat were first defined in a preliminary 

analysis indicating how prey taxa abundances varied by habitat. For the second analysis, we 

compared patterns in prey co-occurrence based on variation among individual guts with 

patterns based on variation among lakes. Finally, our hypotheses regarding expected 

correlations with environment in the third analysis were based on results from interspecific 

studies or past studies of Arctic charr diets: 

1. Because benthivory supports the consumption of less stable limnetic resources and 

higher trophic levels at the interspecific level (Schindler & Scheurell, 2002; Vander 

Zanden & Vadeboncoeur, 2002; Vander Zanden et al., 2005), we expected to detect 

an association between limnetic feeding or piscivory and the consumption of some 

benthic prey. However, it is unknown which benthic prey will hold the closest 
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associations. 

2. Because food chains are thought to be longer in larger ecosystems (Post et al., 2000; 

Vander Zanden & Fetzer, 2007), we expected to find greater piscivory in larger 

lakes. 

3. Deeper lakes have a greater ratio of volume to benthic area than do shallower lakes, 

and therefore more pelagic habitat (Schindler & Scheurell; 2002). Shallower lakes 

have greater benthic production due to higher water temperatures, greater benthic 

sunlight availability, lesser nutrient dilution, and greater nutrient resuspension from 

wind turbulence (Hanson & Leggett, 1982; Schindler & Scheurell, 2002; Jeppesen et 

al., 2003). Therefore, through physical arguments, Arctic charr were expected to 

consume more zooplankton in deep lakes and more benthic invertebrates in shallow 

lakes. However, because fish density is also greater in smaller volumes of water 

(Jeppesen et al., 2003), greater zooplanktivory may also occur in shallow water 

when Arctic charr abundance is high. 

4. The presence of brown trout (Salmo trutta) is thought to displace Arctic charr away 

from shallow benthic habitat due to a superior competitive status and/or different 

feeding behaviors (e.g., Hesthagen et al., 1997; Jansen et al., 2002; Forseth et al., 

2003). Therefore, greater consumption of zooplankton was expected to occur when 

brown trout were abundant. 

5. In general, greater consumption of all resources was expected at higher densities of 

that resource. For zooplankton, high abundances are also expected to occur when 

phytoplankton density is high, which may be driven by high nutrient concentrations 

in the water column (Jeppesen et al., 2003). Under these conditions, a positive 

correlation between zooplanktivory and nutrient concentrations (in addition to a 
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correlation between zooplanktivory and zooplankton abundance) was expected. 

However, because large phytoplankton blooms may also remove nutrients from the 

water column, a negative correlation of nutrient concentration with zooplanktivory 

was also possible (Siwertsson et al., 2011). 
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H#52#9!G,&#,*0'1!#390%='=!*&5J3!2&5%2!,3=!S&92#9!9I,&&!,*%3=,39'1\!'12#),2'=!,1!9,29I!

7'&!%3#2!'665&2!,3=!2&,3165&)'=!*4!05$Z8�-[!ZHTS\!S/S[\!,3=!12#9@0'*,9@!7&'1'39'!,1!,!

*#3,&4!6,925&!ZR+-!e!R+U[.!

!
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!@CD;&:0K0&#16F@==&13719@465&9632;5=163&<@9465=&<65&A5;E&4@Q@&@5;&R12;3&@D63R&S14?&4?;&;QA;94;7&

9@A485;&?@C14@4&C@=;7&63&132;54;C5@4;&=852;E=&W<56F&(1R0&:0:\&46AX\&@37&A5;E&9@4;R651;=&W<56F&(1R0&

:0:\&C6446FX0&)@A485;&?@C14@4=&139D87;&=463;&W+X\&<13;`R5@13;7&=;71F;34&WF87[&LX\&65&S@4;5&

96D8F3&W^Xd&A5;E&139D87;7&=3@1D&W+X\&4@7A6D;&=?51FA*W!X\&A;@&9D@F*WZX\&10)2&'"&W#X\&9?15636F17&

A8A@;&W)X\&@37&<1=?&W(X&9@4;R651;=d&@37&;Q9D8=163=&@5;&13719@4;7&WIX0&)@A485;&?@C14@4=&@5;&D1=4;7&13&

657;5&6<&1FA654@39;\&S14?&C@9G=D@=?;=&13719@413R&=1F1D@5&<5;O8;391;=&WKIe&f&HIeX0&Z@5;34?;=;=&

13719@4;&4?@4&R;3;5@D&G36SD;7R;&S@=&8=;7&46&<1DD&13<65F@4163&<65&4@Q@&@C=;34&13&132;54;C5@4;&

=852;E=0&&

<#'2,&4!2,8,! /5))53!3,)'!
H#5),11!
Z)$[!

/,72%&'!
_,*#2,2!

+&'4!
/,2.!

,-./01()!17.* 90,=59'&,3! U.UU-! YeC! U!
"#1I!'$$1! 6#1I!'$$1! -! ZR[! U!
2"33(1()!17.* ,)7I#75=! -! R! U!
*4&3'%+-&#()!177.!B* 9,==#1604!0,&G,'! -! CeR! R!
5+"6"'&"!70'%##"!B* 9,==#1604!0,&G,'! -! CeR! R!
8"/&9*+%1%:1"* 13,#0! -! CeR! R!
;"+-'&"!)++<* 90,=59'&,3! U.U-! Y\!C! T!
,.=#0+)!177.* 957'75=! U.U-! C\!Y! T!
L12&,95=,! 512&,95=! U.UU-! C\!Y! T!
>"=106-1&9!17.* 90,=59'&,3! U.U-! C\!Y! T!
5#0'"!177.* 90,=59'&,3! U.UU-! C\!Y! T!
4%+&/(1()*"1=6&=()* 2,=750'!1I&#)7! -U! C\!Y! T!
/50'572'&,! *''20'! -! R! T!
L2I'&!60#'1! 52I'&!60#'1! U.-! R! T!
?(1.=%1=()!17.* 90,=59'&,3! U.-! C\!Y! C!
@0#.+-%3()!17.* 90,=59'&,3! U.UU-! ZC\!Y[! C!
!&30=%+-"#()*$%6(#()* 90,=59'&,3! U.UU-! C\!Y! C!
/I#&535)#=,'!B! 604!0,&G,'! U.-! CeR! C!
@&)&/&(3!=")%16"'(3* 7',!90,)! -! C\!Y! C!
S33'0#=,! J5&)! U.-! C\!Y! C!
;&"+603()!177.* 957'75=! U.U-! Y\!C! H!
A0)3&'"!17.* 90,=59'&,3! U.U-! Y\!C! H!
/57'75=,! 957'75=! U.U-! ZYeC[! H!
T&#9I572'&,!S! 9,==#1604! U.-! ZR[! /!
/I#&535)#=,'!S! 604! U.-! R! /!
_')#72'&,! 2&%'!*%$! U.-! ZY/eC[! /!
B./1"="1&'"*17.* J,2'&!)#2'! U.-! Y/eC! /!
/I#&535)#=,'!+! 604!7%7,'! U.-! CeR! /!
R),00!6#1I! 1),00!6#1I! -U! CeR! "!

3"4&-"-*"))0.&"-&0')*05*+6%7*-"8"*

TI#1!7&'0#)#3,&4!,3,041#1!J,1!%1'=!25!65&)!,!I4752I'1#1!56!'87'92'=!7&'4!

,1159#,2#531!#3!2I'!$%2!*4!#3=#9,2#3$!I5J!7&'4!2,8,!J'&'!,1159#,2'=!*,1'=!53!I,*#2,2!

,053'.!V6!S&92#9!9I,&&!6''=!J#2I#3!,!1#3$0'!I,*#2,2!,2!,!2#)'\!#2!#1!&',153,*0'!25!'87'92!

2I,2!,1159#,2#531!,)53$!7&'4!2,8,!#3!$%2!9532'321!J#00!&'60'92!7&'4OI,*#2,2!

,1159#,2#531.!V3G'&2'*&,2'!,*%3=,39'!=,2,!6&5)!2I'1'!I,*#2,21!#3!2I'!E;!0,@'1!J#2I!

#3G'&2'*&,2'!1%&G'4!=,2,!J'&'!#390%='=!#3!2I#1!,3,041#1.!V3!2I#1!6#&12!I#'&,&9I#9,0!90%12'&!

,3,041#1\!1,)70'!)'2I5=1!Z#.'.\!70,3@253!I,%01\!`,^,@!95&'1\!,3=!0#225&,0!1253'!
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9500'92#531[!J'&'!,11%)'=!25!$'3'&,004!#3=#9,2'!0#)3'2#9\!*'32I#9!566O1I5&'\!,3=!

*'32I#9!0#225&,0!I,*#2,21!&'17'92#G'04.!/5%321!65&!',9I!#3=#G#=%,0!7&'4!2,853!J'&'!

1%))'=!,9&511!0,@'1!J#2I#3!',9I!I,*#2,2\!,3=!2I#1!1%)!J,1!=#G#='=!*4!2I'!1%)!,9&511!

,00!2I&''!I,*#2,21!25!4#'0=!,!I,*#2,2!6&'W%'394!,9&511!0,@'1!65&!',9I!2,853.!TI'1'!

6&'W%'39#'1!J'&'!,3,04M'=!#3!,!I#'&,&9I#9,0!90%12'&!,3,041#1!%1#3$!N%90#=',3!=#12,39'!

,3=!C9�%#224!0#3@,$'.!

9062&':*+6%7*."-%:06&%)*

T5!95)7,&'!9531%)72#53!J#2I#3!7&'4!9,2'$5&#'1!J#2I!0,@'!9I,&,92'&#12#91\!,!

)',1%&'!56!9531%)72#53!J#2I#3!7&'4!9,2'$5&#'1!,)53$!0,@'1!6#&12!3''='=!25!*'!

='6#3'=.!TI#1!J,1!,995)70#1I'=!*4!7&'=#92#3$!9531%)72#53!56!',9I!7&'4!9,2'$5&4!

*,1'=!53!2I'!9,2'$5&#9,0!7&'=#925&!B,@'!#3!$'3'&,0#M'=!0#3',&!)5='01!ZABC1[.!

N12#),2'=!0,@'!95'66#9#'321!6&5)!2I'1'!)5='01!J'&'!%1'=!25!&'60'92!9531%)72#53!56!,!

7&'4!9,2'$5&4!&'0,2#G'!25!52I'&!0,@'1.!H'9,%1'!,00!7&'4!9,2'$5&#'1!J'&'!9531%)'=!

J#2I#3!TI#3$G,00,G,23\!#2!J,1!%1'=!,1!2I'!*,1'0#3'!,3=!$#G'3!95'66#9#'321!�!U.!R'953=\!

95'66#9#'32!G,0%'1!J'&'!,3,04M'=!#3!,!2I#&=!I#'&,&9I#9,0!90%12'&!,3,041#1!25!$&5%7!0,@'1!

*4!1#)#0,&#2#'1!#3!=#'2,&4!I,*#21!%1#3$!N%90#=',3!=#12,39'!,3=!C9�%#224!0#3@,$'.!,3=!

2&'3=1!56!#39&',1#3$!0,2#2%='!5&!053$#2%='!J#2I#3!90%12'&1!J'&'!,3,04M'=.!TI#&=\!25!2'12!

65&!2&'3=1!5%20#3'=!,1!I4752I'1'1\!&'=%3=,394!,3,041'1!ZF<S1[!J'&'!%1'=!25!65&)!

95&&'0,2#531!*'2J''3!9531%)72#53!95'66#9#'321!,3=!,!),2&#8!56!0,@'O17'9#6#9!

'3G#&53)'32,0!953=#2#531.!!

V3!2I'!'12#),2#53!56!0,@'!95'66#9#'321\!:!247'1!56!ABC1!J'&'!%1'=\!65005J#3$!2I'!

='02,O$,)),!)'2I5=!65&!6#22#3$!,!)5='0!25!5G'&=#17'&1'=!,*%3=,39'!=,2,!ZR2'6u31153\!

-DD>[.!TI'!6#&12!ABC!%1'=!7&'1'39'e,*1'39'!=,2,!25!7&'=#92!7&5*,*#0#24!56!2I'!7&'4!

9,2'$5&4!599%&&'39'!J#2I#3!#3=#G#=%,0!$%21!J#2I!,!05$#2!0#3@!6%392#53!,3=!H'&35%00#!
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'&&5&1.!TI'!1'953=!ABC!%1'=!*#5),11!#3=#9,25&!=,2,!25!7&'=#92!*#5),11!J#2I!,!05$!0#3@!

6%392#53!,3=!$,)),O=#12&#*%2'=!'&&5&\!*%2!5304!%1#3$!2I'!1%*1'2!56!#3=#G#=%,01!J#2I!

2I,2!7&'4!9,2'$5&4!7&'1'32!1#39'!$,)),!=#12&#*%2#531!9532,#3!35!U1.!TI#1!='02,O$,)),!

)5='0!#1!%1'6%0!*'9,%1'!&'1%021!),4!*'!'82&,750,2'=!25!,00!#3=#G#=%,01!*4!)%02#704#3$!

2I'!2J5!7&'=#92#531!25!4#'0=!2I'!^5#32!7&5*,*#0#24!56!*#5),11!$#G'3!#21!7&'1'39'.!!

V3!2I'!7&'=#92#53!56!9531%)72#53!J#2I#3!',9I!7&'4!9,2'$5&4\!2I'!*#5),11!56!

7&'4!J#2I#3!,34!9,2'$5&4!),4!=#66'&!*4!1'G'&,0!5&='&1!56!),$3#2%='.!TI'&'65&'\!

1%))'=!95%321!,9&511!2,8,!J#2I#3!7&'4!9,2'$5&#'1!,&'!0'11!95)7,&,*0'!2I,3!J5%0=!*'!

1%))'=!*#5),11.!S77&58#),2'!*#5),11'1!J#2I#3!=#'2,&4!9,2'$5&#'1!J'&'!6#&12!

9,09%0,2'=!*4!)%02#704#3$!2I'!95%321!56!',9I!7&'4!2,853!*4!,3!,77&57&#,2'!5&='&!56!

),$3#2%='!#3!)$!Z#.'.\!U.UU-\!U.U-\!U.-\!-\!5&!-U[\!,1!#3=#9,2'=!*4!J'2!J'#$I21!65%3=!#3!

0#2'&,2%&'!,3=!059,0!'87'&2!@35J0'=$'!ZT,*0'!:[\!,3=!2I'3!1%))#3$!J#2I#3!9,2'$5&#'1.!

TI#1!)'2I5=!=5'1!352!9,09%0,2'!,!2&%'!*#5),11\!*%2!19,0'1!7&'4!2,8,!*4!,!&5%$I!&'0,2#G'!

*#5),11.!

B,&$'&!6#1I!1I5%0=!9531%)'!)5&'!*#5),11!56!,00!7&'4!9,2'$5&#'1!1#)704!=%'!25!

125),9I!1#M'!95312&,#321\!,3=!6'J'&!56!,00!7&'4!1I5%0=!*'!9531%)'=!JI'3!125),9I1!

,&'!352!6%00.!T5!9532&50!65&!2I#1!0'11!)',3#3$6%0!G,&#,2#53\!7&'4!9,2'$5&4!*#5),11'1!

J'&'!-[!95&&'92'=!65&!*5=4!J'#$I2!,3=!,=^%12'=!65&!125),9I!6%003'11!*'65&'!*'#3$!

7&'=#92'=!*4!ABC1!,3=!:[!=#,$3512#9,004!2'12'=!25!'31%&'!2I,2!$,)),!'&&5&1!J'&'!

,77&57&#,2'.!T5!,995)70#1I!2I'!6#&12!2,1@\!353O0#3',&!)5='01!J'&'!%1'=!25!='2'&)#3'!

JI'2I'&!,!0#3',&!5&!75J'&!6%392#53!*'22'&!6#2!7&'4!9,2'$5&4!7&'=#92#53!*4!*5=4!

J'#$I2�125),9I!6%003'11!,=^%12)'32!Z#.'.\!-e?!65&!&,2#3$!-\!:e?!65&!:\!,3=!-!65&!?[.!TI#1!

95)7,&#153!J,1!),='!*'9,%1'!)'2,*50#1)!$'3'&,004!19,0'1!25!*5=4!J'#$I2!J#2I!,3!

'8753'32!�!U.Q;!ZH&5J3!'2!,0.\!:UUE[\!15!J'!'87'92'=!2I,2!655=!#32,@'!&,2'1!),4!=5!2I'!
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1,)'.!C5='0!6#21!J'&'!95)7,&'=!%1#3$!,3!"O2'12\!JI#9I!#3=#9,2'=!2I,2!#390%=#3$!,!2I#&=!

'8753'32#,0!7,&,)'2'&!#3!,!75J'&!6%392#53!4#'0='=!,!*'22'&!6#2!5G'&!2I'!:!7,&,)'2'&1!

#3!,!0#3',&!6%392#53!Z"-\:-U-!�!K.-E;\!+!�!U.UUE[.!+,&,)'2'&!'12#),2'1!Z7,&,)'2'&!�!

R.N.\!2OG,0%'\!+OG,0%'f!#32'&9'72!�!O-;.E->!�!--.-Q;\!O-.?QD\!U.->Kl!1057'!�!:.-?Q!�!-.:EU\!

-.Q:E\!U.UK;l!'8753'32!�!U.QK?!�!U.UKK>:\!K.K?D\!|!U.UUU-[!J'&'!%1'=!25!&')5G'!2I#1!

G,&#,2#53!*4!=#G#=#3$!=#'2,&4!9,2'$5&#'1!*4!Z*5=4!J'#$I2�125),9I!6%003'11!

,=^%12)'32[�'8753'32\!4#'0=#3$!,!)',1%&'!%1'=!#3!ABC1!56!$!7&'4!9,2'$5&4!e!$!*5=4!

J'#$I2!2I,2!J,1!35!053$'&!='7'3='32!53!*5=4!J'#$I2!5&!125),9I!6%003'11.!L304!2I'!;E!

0,@'1!J#2I!*52I!$%2!9532'32!,3=!*5=4!J'#$I2!=,2,!J'&'!#390%='=!#3!ABC1.!!

T5!,995)70#1I!2I'!1'953=!2,1@\!,!0#3',&!&'0,2#531I#7!*'2J''3!05$!)',3!,3=!05$!

G,&#,39'!J'&'!6#2!25!2I'!1%*1'2!56!7&'4!9,2'$5&4!*#5),11!p!U!ZR2'6u31153\!-DD>[.!

A,)),!'&&5&1!J'&'!='')'=!,77&57&#,2'!*'9,%1'!1057'1!Z�[!J'&'!352!1#$3#6#9,3204!

=#66'&'32!6&5)!:!ZH-f!�!!�!-.QK:!�!U.E-K!RN\!"-\:!�!-K.:U\!+!�!U.U;-l!H:f!�!!�!:.U;K!�!

U.-?E!RN\!"-\:!�!:?;.-\!+!�U.UUEl!H?f!�!!�!:.U->!�!U.-DD!RN\!"-\?!�!-U:.D\!+!�U.UU:l!j-f!

�!!�!-.DEK!�!U.-U;!RN\!"-\-!�!?E-.;\!+!�!U.U?El!j:f!�!!�!:.-K:!�!U.:D>!RN\!"-\:!�!;E.?D\!+!

�U.U-Kl!,3=!"f!�!!�!:.:>-!�!U.KE:!RN\!"-\E!�!Q.:-Q\!+!�!U.U;;[.!!!

S00!'3G#&53)'32,0!G,&#,*0'1!J'&'!#390%='=!#3!F<S1\!JI#9I!J'&'!=53'!

1'7,&,2'04!65&!,*#52#9!,3=!*#52#9!G,&#,*0'1!25!)#3#)#M'!&'12&#92#531!=%'!25!)#11#3$!=,2,\!

4#'0=#3$!;?!0,@'1!65&!2I'!,*#52#9!,3,041#1!,3=!E:!65&!*#52#9!,3,041#1!Z--!0,9@'=!

#3G'&2'*&,2'!1%&G'4!=,2,\!T,*0'!-[.!TI'!,G,#0,*#0#24!56!',9I!7&'4!9,2'$5&4!J,1!,015!

#390%='=!,1!,!*#52#9!G,&#,*0'!*4!2&',2#3$!1%&G'4!95%321!)O:!2I'!1,)'!,1!=#'2,&4!95%321f!

2I'4!J'&'!)%02#70#'=!*4!&'17'92#G'!#3=#9,25&!*#5),11'1!ZT,*0'!-[!,3=!2I'3!1%))'=!

J#2I#3!2I'!1,)'!='6#3'=!7&'4!9,2'$5&#'1.!H'32I#9!566O1I5&'!=,2,!65&!0,@'1!?-\!?D\!>-\!>:\!

,3=!>E!J'&'!0,9@#3$\!15!2I'1'!J'&'!&'70,9'=!J#2I!)',3!95%321!56!*'32I#9!566O1I5&'!
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2,8,!9,09%0,2'=!5G'&!,00!52I'&!0,@'1.!"5&J,&=!,3=!*,9@J,&=!12'7J#1'!,0$5&#2I)1!J'&'!

%1'=!25!1'0'92!)5='01!*4!)#3#)%)!SV/.!F<S1!J'&'!#)70')'32'=!%1#3$!2I'!}G'$,3~!

7,9@,$'!ZL@1,3'3!'2!,0.\!:UUD[.!

:0M&/;=8D4=&
3"4&-"-*"))0.&"-&0')*05*+6%7*-"8"*

TI'!90%12'&!,3,041#1!56!#3G'&2'*&,2'!1,)70'!6&'W%'39#'1!J#2I#3!I,*#2,21!

Z*'32I#9!0#225&,0\!*'32I#9!566O1I5&'\!5&!0#)3'2#9[!4#'0='=!I4752I'1'1!65&!7&'4!

,1159#,2#531!#3!$%21.!B#)3'2#9!M5570,3@253!17'9#'1!Z#.'.\!<#,725)%1!177.\!H51)#3,!17.\!

,3=!<,7I3#,!177.[!J'&'!)51204!65%3=!#3!70,3@253!25J1\!#3=#9,2#3$!,!12&53$!7&'1'39'!#3!

2I'!J,2'&!950%)3!Z"#$.!-.-\!257[.!/I4=5&%1!17.\!_4=&,9,&#3,!17.\!/490571!177.\!S053,!

177.\!,3=!)5&'!=#12#39204!*'32I#9!9&%12,9',3!17'9#'1!Z#.'.\!N%&49'&9%1!17.\!R#)59'7I,0%1!

G'2%0%1\!C,9&52I&#8!17.\!,3=!512&,95=1[!J'&'!7,&2#,004!65%3=!#3!2I'!J,2'&!950%)3\!*%2!

J'&'!,015!6&'W%'3204!1,)70'=!#3!6#3'O$&,#3'=!1'=#)'321!Z)%=\!C[!J#2I!#36,%3,!1%9I!,1!

7',!90,)1!,3=!,33'0#=1.!R3,#01\!9,==#1604!0,&G,'\!,3=!9I#&535)#=!0,&G,'!,3=!7%7,'!

J'&'!65%3=!95))5304!#3!*52I!6#3'O$&,#3'=!1'=#)'32!,3=!1253'!1,)70'1.!A,)),&%1!

17.\!/50'572'&,\!9I#&535)#=!,=%021\!,3=!52I'&!60#'1!J'&'!65%3=!5304!#3!1253'!1,)70'1!

Z"#$.!-.-\!T,*0'!:[.!!

9062&':*+6%7*."-%:06&%)*

TI'!*4O#3=#G#=%,0!</S!5&=#3,2#53!,3=!6#&12!90%12'&!,3,041#1!4#'0='=!7&'4!

9,2'$5&#'1!J#2I!12&53$!I,*#2,2!,1159#,2#531\!#3=#9,2#3$!>!6''=#3$!12&,2'$#'1!Z"#$.!-.-\!

*5225)[.!TI'!6#&12!65%&!,8'1!Z</S-!O!</SE[!56!2I#1!*4O#3=#G#=%,0!</S!4#'0='=!

'#$'3G,0%'1!56!U.K;;>\!U.QK:E\!U.QE-Q\!,3=!U.QKEU\!,3=!,8#1!0'3$2I1!J'&'!E.K-U?\!

?.K>:K\!;.E>-U\!,3=!E.>D;:.!R2,&2#3$!0'62!#3!"#$.!-.:\!2I'!6#&12!9,2'$5&4!#3=#9,2'=!0#)3'2#9!

6''=#3$!J#2I#3!2I'!J,2'&!950%)3!ZH51)#3,!17.\!<#,725)%1!177.\!,3=!/57'75=,[.!TI'!

1'953=!9,2'$5&4!J,1!='6#3'=!,1!#390%=#3$!5304!6#1I\!,02I5%$I!6#1I!90%12'&'=!9051'04!J#2I!
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13,#01!,3=!9,==#160#'1.!TI#1!=#G#1#53!J,1!)',32!25!&'60'92!*'I,G#5&,0!)5=#6#9,2#531\!

1#39'!352!,00!S&92#9!9I,&&!#3=#G#=%,01!5&!757%0,2#531!I,G'!2I'!1,)'!2'3='394!25!*'95)'!

7#19#G5&5%1\!='17#2'!,G,#0,*#0#24!56!6#1I!7&'4!ZC,0)W%#12!'2!,0.\-DD:[.!TI'!2I#&=!9,2'$5&4!

#3=#9,2'=!6''=#3$!53!M55*'32I51!Z#.'.\!9,==#160#'1!,3=!13,#01[!#3!2I'!12534!0#225&,0!M53'.!

TI'!65%&2I!#3=#9,2'=!,!)#82%&'!56!0#)3'2#9!,3=!*'32I#9!6''=#3$!53!353O1'='32,&4!

9&%12,9',31!,3=!,W%,2#9!,3=!2'&&'12&#,0!#31'921!2I,2!,&'!15)'2#)'1!65%3=!#3!2I'!J,2'&!

950%)3\!7511#*04!#3!7,29I4!3',&O1I5&'!I,*#2,21!Z#.'.\!B'7#=%&%1!,&92#9%1\!<,7I3#,!177.\!

/490571!177.\!C,9&52I&#8!17.\!S053,!177.\!L12&,95=,\!/50'572'&,\!,3=!52I'&!60#'1[.!TI'!

70,9')'32!56!<,7I3#,!J#2I!17'9#'1!0'11!6&'W%'3204!65%3=!#3!2I'!J,2'&!950%)3!0#@'04!

&'60'921!'#2I'&!-[!5%&!#3,*#0#24!25!=#12#3$%#1I!17'9#'1!J#2I#3!2I#1!$'3%1!J#2I!=#66'&#3$!

I,*#2,2!7&'6'&'39'1!5&!:[!,!=#66'&'39'!#3!0#)3'2#9!6''=#3$!I,*#21!56!S&92#9!9I,&&!

*'2J''3!0,@'1!=5)#3,2'=!*4!<,7I3#,!177.!&,2I'&!2I,3!H51)#3,!177.!TI'!6#62I!9,2'$5&4!

#3=#9,2'=!6''=#3$!53!7&'4!2I,2!0#G'!#3!5&!53!6#3'O$&,#3'=!1'=#)'32!2I,2!1'220'1!6%&2I'&!

566!1I5&'!Z#.'.\!7',!90,)1!+#1#=#%)!177.\!,33'0#=1\!9I#&535)#=!0,&G,'\!+5047I')%1!17.\!

N%&49'&9%1!17.\!,3=!R#)59'7I,0%1!G'2%0%1[.!"#3,004\!2I'!1#82I!9,2'$5&4!#3=#9,2'=!,!

95)*#3,2#53!56!0#)3'2#9!,3=!*'32I#9!6''=#3$\!*%2!),4!,015!&'60'92!1%&6,9'!6''=#3$!1#39'!

2I'!1%&6,9'!J,1!352!1,)70'=!#3!#3G'&2'*&,2'!1%&G'41!Z9I#&535)#=!7%7,'!,3=!,=%021\!

_4=&,9,&#3,!17.\!_')#72'&,\!,3=!2&#9I572'&,3!,=%021[.!"#1I!'$$1\!/I4=5&%1!17.\!,3=!

A,)),&%1!17.!J'&'!65%3=!#3!6'J!0,@'1!,3=!0,9@'=!12&53$!,66#3#2#'1\!15!2I'4!J'&'!

'890%='=!6&5)!7&'4!9,2'$5&#'1.!/,2'$5&4!3,)'1!J'&'!*,1'=!53!2I'!95))53!3,)'!56!

2I'!=5)#3,32!7&'4\!,1!='6#3'=!*4!2I'!$&',2'12!252,0!#3=#9,25&!*#5),11!56!,00!95312#2%'32!

7&'4!2,8,f!13,#0!ZR[\!2,=750'!1I&#)7!ZT[\!7',!90,)!Z+\!,02I5%$I!9I#&535)#=!0,&G,'!J'&'!

,!9051'!1'953=[\!H51)#3,!ZH[\!9I#&535)#=!7%7,'!Z/[\!,3=!6#1I!Z"[.!

TI'!*4O0,@'!</S!#3=#9,2'=!2I,2!I,*#2,2O&'0,2'=!9531%)72#53!7,22'&31!
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5*1'&G,*0'!J#2I#3!#3=#G#=%,0!$%21!,&'!0512!65&!)512!7&'4!9,2'$5&#'1!JI'3!,$$&'$,2'=!

J#2I#3!0,@'1!Z"#$.!-.:[.!TI#1!</S!56!$%2!9532'321!1%))'=!*4!0,@'!4#'0='=!2I'!6#&12!65%&!

,8'1!J#2I!'#$'3G,0%'1!U.>;U-\!U.;>>;\!U.;??D!,3=!U.E?;Q\!,3=!,8#1!0'3$2I1!56!E.KDQU\!

:.Q;-?\!?.U>;U\!,3=!:.QEDQ.!S66#3#2#'1!J#2I#3!7&'4!9,2'$5&#'1!56!2I'!*4O#3=#G#=%,0!</S\!

#3=#9,2'=!*4!0#3'1!=&,J3!,&5%3=!7&'4!9,2'$5&4!95312#2%'321!Z0'62\!"#$.!-.:[\!1I5J'=!,!

*'32I#9O0#)3'2#9!2&'3=!,053$!2I'!6#&12!,8#1\!JI'&',1!2I'!1'953=!,8#1!=#12#3$%#1I'=!

),#304!52I'&!9,2'$5&#'1.!V3!2I'!*4O0,@'!</S\!2I'!1,)'!1240'!56!0#3'!J,1!=&,J3!,&5%3=!

2I'!1,)'!7&'4!95312#2%'321!Z"#$.!-.:\!&#$I2[.!H51)#3,!9,2'$5&4!95312#2%'321!J'&'!)#8'=!

J#2I!95312#2%'321!56!2I'!9I#&535)#=!7%7,'!,3=!7',!90,)!9,2'$5&#'1\!#3=#9,2#3$!2I,2!

0,@'1!J#2I!#3=#G#=%,0!H51)#3,O9531%)'&1!,015!9532,#3'=!9I#&535)#=O7%7,'O!,3=!7',O

90,)O9531%)'&1.!B'7#=%&%1!17.!*'9,)'!1#3$%0,&04!751#2#53'=!53!2I'!6,&!&#$I2\!0#@'04!

&'60'92#3$!I#$I!9531%)72#53!56!2,=750'!1I&#)7!5304!#3!9'&2,#3!0,@'1\!JI'&',1!52I'&!

95312#2%'321!56!2I'!2,=750'!1I&#)7!9,2'$5&4!J'&'!)#8'=!J#2I!52I'&!17'9#'1.!_#$I!

5G'&0,7!J,1!,015!,77,&'32!,)53$!M55*'32I51!9,2'$5&#'1.!TI#1!$&',2'&!)#82%&'!56!7&'4!

6&5)!G,&#5%1!I,*#2,21!#3=#9,2'=!2I,2!,3,04M#3$!,1159#,2#531!,)53$!7&'4!J#2I#3!

#3=#G#=%,0!$%21\!&,2I'&!2I,3!,9&511!0,@'1\!J,1!3'9'11,&4!65&!2I'!='2'92#53!56!I,*#2,2O

,1159#,2'=!6''=#3$!7,22'&31.!TI'!*4O0,@'!</S1\!53!2I'!52I'&!I,3=\!1I5J!2I,2!

9531%)72#53!56!9'&2,#3!9,2'$5&#'1!#1!&,&'!,)53$!0,@'1\!*%2!95)751'1!1%*12,32#,0!

75&2#53!56!2I'!=#'2!JI'3!7&'1'32!Z'.$.\!2,=750'!1I&#)7[.!TI#1!,3,041#1!,015!#3=#9,2'1!

2I,2!9'&2,#3!7&'4!9,2'$5&#'1!J'&'!95))5304!9531%)'=!*4!=#66'&'32!*%2!95O599%&&#3$!

6#1I!J#2I#3!2I'!1,)'!0,@'!Z'.$.\!H51)#3,!,3=!9I#&535)#=!7%7,'!5&!7',!90,)!9,2'$5&#'1\!

G,&#5%1!M55*'32I51!9,2'$5&#'1[.!
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&

(1R85;&:0:0&&P1;5@59?19@D&9D8=4;5&@3@DE=1=&6<&A5;E&4@Q@&<5;O8;391;=&W46AX&<6837&S14?13&=463;&W+X\&

<13;`R5@13;7&=;71F;34&WF87[&LX\&65&S@4;5&96D8F3&W^X&?@C14@4=&13&132;54;C5@4;&=852;E=0&$13;=&

13719@4;&<5;O8;39E[&4?19G&&g&HIe\&D1R?4&&h&KIe\&65&F;718F&i>Ie0&P1;5@59?19@D&9D8=4;5&@3@DE=1=&6<&

CE`13712178@D&N)"&=965;=&WC6446FX&E1;D7;7&A5;E&9@4;R651;=&S14?&?@C14@4&@==691@4163=&837;5&4?;&

?651V634@D&984`6<<&D13;[&=3@1D&W+X\&4@7A6D;&=?51FA&W!X\&A;@&9D@F&WZX\&10)2&'"*W#X\&9?15636F17&

A8A@;&W)X\&@37&<1=?&W(X0&Z5;E&4@Q@&139D87;[&"D6&j&;#0'"*=AA0d*"33&j&"33;D17@d&"A@&j&;+"-"'&"*

<0'%##"d&#6=&j&10)2&'"*=A0d*)?"&j&9?15636F17&@78D4=d&)?$&j&9?15636F17&D@52@;d&)?Z&j&9?15636F17&

A8A@;d&)?E&j&=>7?06()&=A0d&)6D&j&)6D;6A4;5@d&)6A&j&)6A;A67@d&)E9&j&=7.#0+)*=A0d&N@A&j&,"+>'&"*

=AA0d&N1@&j&,&"+-02()&=AA0d&%RR&j&<1=?&;RR=d&%85&j&@(67.%6.()*=A0d&(1=&j&<1=?d&(DE&j&64?;5&<D1;=d&-@F&j&

A"22"6()*=A0d&P;F&j&P;F1A4;5@d&PE7&j&37?6"."6&'"*=A0d&$;A&j&B%+&?(6()*"6.-&.()d&$1F&j&

B&2'%+>&#()&=AA0d&/@7&j&C"?&8*+%6%:6"d&L@9&j&D".60->6&8*=A0d&'=4&j&'=45@967@d&Z1=&j&E&)&?&(2*=AA0d&

Z6D&j&E0#7+>%2()*=A0d&+1F&j&!&20.%+>"#()*$%-(#()d&!5"&j&!519?6A4;5@3&@78D4=0&

&
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(1R85;&:0K0&N)"&65713@4163=&6<&A5;E&14;F&96834=&<65&13712178@D=&R84=&WD;<4X&@37&R84=&=8FF;7&CE&

D@G;&W51R?4X0&"<<13141;=&S14?13&A5;E&9@4;R651;=\&13719@4;7&CE&=855683713R&D13;=&WD;<4X\&@5;&7;R5@7;7&

S?;3&13712178@D&2@51@4163&1=&5;F62;7&W51R?4X0&$13;&4EA;=&F@49?&4?;&=@F;&9@4;R65E&13&;@9?&A@3;D0&

^;1R?4;7&@2;5@R;&2@D8;=&<65&;@9?&4@Q63&@5;&13719@4;7&CE&4;Q4[&"D6&j&;#0'"*=AA0d*"33&j&"33;D17@d&

"A@&j&;+"-"'&"*=A0d&#6=&j&10)2&'"*=A0d*)?"&j&9?15636F17&@78D4=d&)?$&j&9?15636F17&D@52@;d&)?Z&j&

9?15636F17&A8A@;d&)?E&j&=>7?06()&=A0d&)6D&j&)6D;6A4;5@d&)6A&j&)6A;A67@d&)E9&j&=7.#0+)*=AA0d&N@A&

j&,"+>'&"*=AA0d&N1@&j&,&"+-02()&=AA0d&%RR&j&<1=?&;RR=d&%85&j&@(67.%6.()*=A0d&(1=&j&<1=?d&(DE&j&64?;5&

<DE13R&13=;94=d&-@F&j&A"22"6()*=A0d&P;F&j&P;F1A4;5@d&PE7&j&37?6"."6&'"*=A0d&$;A&j&B%+&?(6()*

"6.-&.()d&$1F&j&B&2'%+>&#()*=AA0d&/@7&j&C"?&8*+%6%:6"d&L@9&j&D".60->6&8*=A0d&'=4&j&'=45@967@d&Z1=&

j&E&)&?&(2*=AA0d&Z6D&j&E0#7+>%2()*=A0d&+1F&j&!&20.%+>"#()*$%-(#()d&!5"&j&!519?6A4;5@3&@78D4=&

=02+"6&)0')*05*?&%-*F&->*:%0:6"+>&.*"'?*%'$&60'2%'-"#*-6%'?)*

B,@'!56!5&#$#3!1#$3#6#9,3204!7&'=#92'=!7&'4!9531%)72#53!#3!ABC1!,3=!,995%32'=!

65&!,!1%*12,32#,0!7&575&2#53!56!G,&#,2#53!#3!2I'!=,2,!ZT,*0'!?\!65&!95'66#9#'32!'12#),2'1!

1''!S77'3=#8!-\!T,*0'1!S-!,3=!S:[.!TI'&'65&'\!95'66#9#'321!$,#3'=!6&5)!2I'1'!)5='01!

J'&'!#365&),2#G'!#3!&'60'92#3$!=#66'&'39'1!#3!7&'4!%1'!,)53$!0,@'1\!,02I5%$I!2I'!

9,%1'1!65&!2I'1'!=#66'&'39'1!,)53$!0,@'1!&'),#3!%3@35J3.!YI'&'!0,@'1!I,=!S&92#9!

9I,&&!2I,2!9531%)'=!353'!56!,!$#G'3!7&'4!9,2'$5&4\!2I'1'!0,@'1!J'&'!'890%='=!6&5)!

2I'!ABC1!2I,2!7&'=#92!#3=#9,25&!*#5),11\!,3=!9531'W%'3204!0,9@'=!95'66#9#'321.!Y'!

2I'&'65&'!&'70,9'=!2I'1'!)#11#3$!G,0%'1!J#2I!,!3%)*'&!2I,2!J,1!05J'&!2I,3!,00!

'12#),2'=!95'66#9#'321!25!19,0'!2I#1!0,9@!56!9531%)72#53!,1!,!)#3#)%).!S1!053$!,1!2I'!
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G,0%'!J,1!,!)#3#)%)\!#2!I,=!35!'66'92!53!,3,041'1!,3=!J,1!,&*#2&,&#04!9I51'3!,1!2I'!

)#3#)%)!'12#),2'=!95'66#9#'32!,9&511!0,@'1\!&5%3='=!25!2I'!3'82!05J'12!#32'$'&!ZRf!O;\!

Tf!O-:\!+f!O;\!Hf!OD\!/f!O;\!"f!O:[.&

!@CD;&:0M0&/;=8D4=&6<&-$L=&46&A5;7194&A5;=;39;_@C=;39;&@37&C16F@==&13719@465&8=13R&@&

9@4;R6519@D&$@G;&A5;719465&<65&;@9?&A5;E&9@4;R65E[&=3@1D&W+X\&4@7A6D;&=?51FA&W!X\&A;@&9D@F&WZX\&

10)2&'"&W#X\&9?15636F17&A8A@;&W)X\&@37&<1=?&W(X0&

Model 
Prey 
Cat. N 

Residual 
Deviance 

Null 
Deviance 

Residual 
df 

Variance 
Explained 

Presence/ 
Absence 

S 2104 1989.80 2731.30 2050 27.15% 

T 2104 1929.00 2807.20 2050 31.28% 

 P 2104 2009.00 2913.60 2050 31.05% 

 B 2104 757.60 1262.10 2050 39.97% 

 C 2104 2026.40 2829.10 2050 28.37% 

 F 2104 978.47 1452.11 2050 32.62% 

Biomass 
Indicator 

S 742 912.81 1224.02 692 25.43% 

T 813 2676.70 6341.60 765 57.79% 

 P 1011 2166.20 3314.60 961 34.65% 

 B 187 542.56 879.01 162 38.28% 

 C 838 1426.30 2018.70 795 29.35% 

  F 230 139.70 345.28 200 59.54% 

TI'!90%12'&!,3,041#1!56!0,@'!95'66#9#'321!1I5J'=!1#)#0,&#2#'1!,)53$!0,@'1!#3!

&'15%&9'!%1'!Z"#$.!-.?[.!TI'!6#&12!170#2!=#12#3$%#1I'=!0,@'1!J#2I!35!9531%)72#53!56!7&'4!

#3!2I'!H51)#3,!9,2'$5&4!Z/0%12'&1!-!g!>[!6&5)!2I51'!JI'&'!2I'1'!J'&'!9531%)'=!

Z/0%12'&1!Q!g!--[.!V3!/0%12'&1!-!g!?\!6#1I!I,=!1#)#0,&!'82&')'!=#'2,&4!I,*#21f!#3!90%12'&!-!

6#1I!5304!,2'!13,#0!9,2'$5&4!7&'4\!JI'&',1!#3!90%12'&!:!2I'4!9531%)'=!5304!13,#0!,3=!

6#1I!9,2'$5&#'1\!,3=!#3!?!9531%)'=!2I'1'!,3=!)#3#),0!,)5%321!#3!2I'!7',!90,)!,3=!

9I#&535)#=!7%7,'!9,2'$5&#'1.!B,@'1!#3!/0%12'&1!E!g!>!J'&'!1#)#0,&!#3!1I5J#3$!15)'!

9531%)72#53!56!7&'4!#3!2I'!2,=750'!1I&#)7!9,2'$5&4\!*%2!=#66'&'=!,1!S&92#9!9I,&&!#3!

/0%12'&!E!0,@'1!9531%)'=!35!9I#&535)#=!7%7,'\!,3=!S&92#9!9I,&&!#3!/0%12'&!;!0,@'1!

9531%)'=!35!6#1I.!/0%12'&!E!J,1!17&',=!,9&511!2I'!J'12'&3!I,06!56!V9'0,3=\!*%2!/0%12'&1!

;!,3=!>!I,=!,!12&53$!7&'1'39'!#3!2I'!35&2I!,3=!35&2I',12!&'$#531\!JI'&'!9550'&!
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90#),2'1!,3=!50='&!*,1,02#9!*'=&59@!,&'!95))53.!"5&!0,@'1!J#2I!15)'!9531%)72#53!

J#2I#3!2I'!H51)#3,!9,2'$5&4\!/0%12'&1!Q!g!K!170#2!6&5)!D!g!--!*4!S&92#9!9I,&&!

9531%)#3$!05J!6&'W%'39#'1!56!7&'4!6&5)!2I'!7',!90,)!9,2'$5&4!,3=!I#$I!*#5),11!56!

7&'4!6&5)!2I'!H51)#3,!9,2'$5&4.!N89'72!65&!2J5!G,00'4!0,@'1!Z?!,3=!>!#3!2I'!1,)'!&#G'&!

1412')[\!2I'1'!0,@'1!J'&'!059,2'=!J#2I#3!5&!I,=!#3605J1!6&5)!45%3$!*'=&59@!,&',1!Z|!

U.Q!)4&!56!,$'[.!V3!,==#2#53\!>!56!2I'!K!0,@'1!#3!/0%12'&!K!J'&'!059,2'=!#3!2I'!

15%2IJ'12'&3!&'$#53!56!2I'!95%32&4.!H'9,%1'!56!,77,&'32!0,2#2%=#3,0!2&'3=1!#3!

9531%)72#53!56!2I'!H51)#3,!9,2'$5&4!J#2I#3!90%12'&1!;!g!K!Z#.'.\!?U!0,@'1[\!0#3',&!

)5='01!J'&'!6#2!,3=!#3=#9,2'=!3'$,2#G'!&'0,2#531I#71!*'2J''3!0,2#2%='!,3=!*52I!2I'!

H51)#3,!95'66#9#'32!1'21!Z*#5),11f!"-\:K!�!Q.EQK\!+!�!U.U--l!7&'1'39'!e!,*1'39'f!"-\:K!
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:0U&N1=98==163&

This study focused on characterizing dietary trends in Arctic charr at a broad 

geographical scale, across many ecologically diverse lakes within Iceland, in order to gain a 

better grasp of how the functional role of Arctic charr as a consumer varies with the 

environment. By doing so, it resulted in a number of important conclusions regarding 

variability in Arctic charr diet across Iceland. First, prey categories were defined from gut 

content data and reflected similarities in prey habitat, so that consumption within these 

categories can be interpreted as habitat-associated feeding strategies. However, there was 
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enough variability among individuals within a lake to obscure this pattern. Second, 

geographical analyses were used to indicate whether any climatic or latitudinal variation 

could be observed in how Arctic charr diets vary. This study showed that prey consumption 

in the Bosmina category was generally more prevalent in the south, indicating either that a 

limnetic feeding strategy is less common in the north or that the season during which it 

occurs is shorter or shifted in timing, so that our late summer and fall sampling period 

missed it. Finally, we found that feeding was related to both biotic and abiotic conditions 

within the lake environment (i.e., depth, altitude, total nitrogen to phosphorous ratio, pH, 

silicon dioxide, brown trout abundance, stickleback presence, snail abundance, and 

chironomid pupae abundance). The strongest trends occurred on the scale of the prey’s 

environment. For example, piscivory was most related to fish community (i.e., brown trout 

abundance and the presence of stickleback), zooplanktivory was related to nutrient 

availability (i.e, total nitrogen to phosphorous ratio and silicon dioxide concentrations), and 

benthivory (although common) was related to physical characteristics (i.e., mean depth and 

altitude).  

By comparing these environmental trends to past studies regarding comparisons of 

diet and among and within species, we found support for a number of hypotheses. First, 

although limnetic feeding strategies were apparent on the scale of analyzing individual guts, 

a comparison with the by-lake DCA showed that other individuals co-occurring in the same 

lake consumed from prey categories found in fine-grained sediment (mud). Fish 

consumption was also closely associated with snail consumption in DCA and cluster 

analyses. These associations are further supported by similarities in position of prey 

categories in RDAs. Therefore, our results support the idea that benthic feeding supports 

limnetic and piscivorous feeding strategies (1: Schindler & Scheurell, 2002, Vander Zanden 
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& Vadeboncoeur, 2002, Vander Zanden et al., 2005), and further suggests a difference in 

the zoobenthos habitat being utilized. Limnetic feeders appear to utilize supplemental 

zoobenthos from off-shore lake habitats where fine-grained sediment accumulates whereas 

piscivores supplemented their diets with common littoral prey in stone habitats. Snails and 

caddisflies may therefore be a subsidy for more piscivorous Arctic charr diets, as it can be 

consumed as a stable resource when prey fish are scarce.  

This likely also occurs when brown trout are instead the dominant piscivore to 

Arctic charr, since brown trout likewise consume fish and zoobenthos in littoral areas 

(Hesthagen et al., 1997) and in our study, reduce fish consumption in Arctic charr. The 

RDA with biotic variables, greater brown trout abundance was not found to correspond with 

greater zooplanktivory, as has been found before (4: Hesthagen et al., 1997; Jansen et al., 

2002; Forseth et al., 2003), but was instead related to lower piscivory. Prey fish availability 

was a prerequisite for piscivory in Arctic charr, but piscivory was reduced by greater brown 

trout densities. This trend is likely a result of habitat displacement of Arctic charr in the 

presence of brown trout away from littoral zones (Langeland et al., 1991), where 

stickleback were consumed alongside the snail category in this study. In our study, this 

apparently resulted in greater off-shore benthic consumption. However, the lack of our 

detection of a relationship between brown trout abundance and zooplankton consumption 

may also be due to other factors not accounted for in our study, such as temperature, ice 

cover, and productivity that may influence Arctic charr / brown trout interactions (Finstad et 

al., 2010; Helland et al., 2011). 

Although we did not find a relationship with lake volume, lake depth was positively 

correlated with greater piscivory in the RDA with abiotic variables. This yields partial 

support for the idea that food chains are longer in larger lakes (2: Post et al., 2000; Vander 
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Zanden & Fetzer, 2007). However, the mechanism behind this food-chain lengthening is 

unclear. For example, deeper lakes yield may yield 1) greater fish prey diversity or 

abundance facilitated through greater habitat heterogeneity or prey refugia (Post et al., 

2000), or 2) reduced omnivory in Arctic charr due to reduced habitat proximity or greater 

cascading effects (Vander Zanden & Vadeboncoeur, 2002; McCann et al., 2005). Food 

chain length has long been thought of as a fundamental property of ecosystems that reflects 

the number of energy transfers through the food web and links species diversity to 

ecosystem function (Post et al., 2000; Vander Zanden & Fetzer, 2007). This study showed 

that variability in Arctic charr diet increased food chain length, as indicated by piscivory, 

even when fish species diversity was low. Further studies including stables isotope samples 

would further clarify this relationship. 

Although depth was not well associated with consumption of limnetic, yielding no 

support for greater consumption of zooplankton under greater availability of limnetic 

volume (3: Schindler & Scheurell, 2002), further explorations (not shown) indicated that 

this resulted from the presence of a many deep lakes with no zooplankton consumption in 

our dataset, possibly indicating an interaction with nutrient availability. When excluding 

lakes with no zooplankton consumption, a positive trend was observed that was not 

detectable using our multivariate analyses. Therefore, Hypothesis 3 should not be 

completely discounted. We also found support for greater consumption of zoobenthos in 

shallow lakes (3: Hanson & Leggett, 1982; Schindler & Scheurell, 2002; Jeppesen et al., 

2003), but only for those associated with off-shore habitats rather than stony littoral 

habitats. Also, we found no support for greater zooplanktivory in shallow lakes, since 

neither zooplanktivory nor greater Arctic charr abundance was notably correlated with 

depth (3: Jeppesen et al., 2003). Zooplanktivory was instead related to nutrient availability 
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through a negative correlation with the total nitrogen to phosphorous ratio and positive 

correlation with silicon dioxide in the RDA with abiotic variables. This indicated that 

nitrogen is likely being taken out of the water column by large phytoplankton blooms, and 

that high availability of silicon dioxide facilitated diatom blooms. Therefore, our results 

support the idea greater consumption of zooplankton was due to its greater availability, but 

this could not be detected through direct correlations with zooplankton abundance (5). 

Instead, low nutrient levels were associated with zooplankton consumption, as has been 

detected in similar systems (Siwertsson et al., 2011), indicating a potential for dynamical 

effects of zooplankton consumption that lead to trophic cascades. In addition, the negative 

latitudinal gradient indicated either a climatic or seasonal effect on zooplanktivory. Of the 

other prey categories, only snail abundance was directly related to their consumption.  

Trophic cascades have traditionally been studied as linkages through the limnetic 

food chain that ultimately affect the trophic status and nutrient cycling within lakes 

(Schindler et al., 1997; Hulot et al., 2000). This may explain the correlation between greater 

zooplankton consumption under low nutrient availability by indicating that high predation 

pressure on zooplankton may allow phytoplankton populations to remain high enough for 

nutrient levels to be depressed. However, our results generally agree with those of Jeppesen 

et al. (2003) in that predation pressure on zooplankton appears stronger under nutrient-poor 

conditions, although a variety of factors my contribute to this pattern. They include such 

explanations as longer pre-reproductive vulnerability of cladocerans due to colder waters, 

higher visual acuity of predators due to clearer water, or higher benthic production due to 

further light penetrance that may alternately sustain fish populations. This can be achieved 

through switching to benthic feeding during spells of low zooplankton density or by 

utilizing benthic insect pupae as they ascend to the surface prior to emerging as adults. Our 
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data support this idea through the above-mentioned co-occurrence of zooplanktivory and 

consumption of benthic off-shore prey.  

Arguments have been made both for and against the case of stronger trophic 

cascades in nutrient-poor lakes. A broad empirical study indicated that despite heavier 

predation pressure on zooplankton in nutrient-poor lakes, this pressure only translated into 

stronger cascades in eutrophic systems (Jeppesen et al., 2003). We cannot directly detect 

trophic cascades with our data, but the generally high dependence of Arctic charr on 

zoobenthos in our study also leaves the possibility for littoral trophic cascades to occur. 

Although rarely studied, littoral cascades can affect prey abundances and benthic algal 

production (Brönmark, 1994), and have been described under similar subarctic conditions 

through the consumption of snails (Hershey et al., 1999). In our study, the trend of greater 

snail consumption with snail abundance may indicate that consumption by Arctic charr may 

actually be causing reductions in snail populations. 

We therefore conclude that intraspecific diet variation allows Arctic charr in 

Icelandic freshwater systems to fill many functional roles normally expected from multiple 

species in regions with greater fish diversity. Although dietary variation may be extreme 

within a species, how it affects ecosystem processes will depend strongly on whether diet 

variation was temporally stable, possibly as an adapted trait (Bolnick et al., 2003; Knudsen 

et al., 2010), or whether individual variation simply reflected mobility, which integrates 

spatial linkages into food webs (McCann et al., 2005). In either case, our study is novel in 

that it presents a rare case in which enough detailed and standardized data were available to 

yield a geographically broad analysis of how a species functional role can vary with the 

environment and potentially affect ecosystem characteristics. First, we found that benthic 

prey appeared to be an important subsidy for both zooplanktivores and piscivores, but the 
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type of benthic prey associated with each differed by habitat. Therefore, although piscivory 

is traditionally studied as a component of the limnetic food chain (Vander Zanden et al., 

2005), in this case perhaps it would be more appropriately studied within a littoral benthic 

food chain, which may furthermore be separated from a benthic off-shore food chain. In 

addition, given the relatively nutrient-poor status of most lakes and fast erosion of andic 

soils in Iceland (Karst-Riddoch et al., 2009) and the high dependence of zooplanktivory on 

nutrient availability in our study, nutrient availability may be especially important for the 

limnetic food chain. Therefore, variation among lakes either in the transfer of nutrients to 

the water column through the consumption of benthic prey or in nutrient loading due to 

variation in surrounding terrestrial vegetation are likely important factors explaining 

nutrient cycles in Icelandic lakes (Schindler & Scheurell, 2002; Jeppesen et al., 2003). The 

presence of only one notable latitudinal gradient was not surprising given that subarctic 

latitudinal gradients are weaker in Iceland, which has a maritime climate (Karst-Riddoch et 

al., 2009). Recognizing the importance of this intraspecific diversity in regions of low 

species diversity may be an important consideration in management of these freshwater 

systems. Further work would especially benefit by the inclusion of temporal population 

dynamics, such as density effects, as well as ontogenetic shifts in diet to more fully 

understand these systems. 
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9536#$%&,2#53.!TI#1!,G'&,$'!9536#$%&,2#53!1'&G'1!,1!2I'!*,1#1!65&!65&),2#53!56!2I'!2I#3O

70,2'!170#3'!#32'&750,2#3$!6%392#53.!+,&2#,0!J,&7!195&'1!65&!',9I!#3=#G#=%,0!J'&'!2I'3!

65&)'=!*4!95)7,&#3$!2I'!&'0,2#G'!='7,&2%&'!#3!9536#$%&,2#53!56!#3=#G#=%,01!6&5)!2I'!
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,G'&,$'!9536#$%&,2#53\!,3=!2I'1'!1'&G'=!,1!)5&7I505$#9,0!=,2,.!TI'1'!=,2,!J'&'!

,3,04M'=!J#2I!,!&'0,2#G'!J,&7!,3,041#1\!JI#9I!#1!,3,05$5%1!25!,!7&#39#7,0!95)753'32!

,3,041#1!,3=!&'1%021!#3!195&'1!53!5&2I5$53,0!&'0,2#G'!J,&71!65&!',9I!#3=#G#=%,0!Z65&!

6%&2I'&!='2,#01\!1''!H55@12'#3!-DD-!,3=!F5I06!'2!,0.!:UUE[.!TI'!6#&12!2I&''!&'0,2#G'!

J,&71\!JI#9I!9532&#*%2'=!2I'!0,&$'12!7'&9'32,$'1!56!2I'!252,0!G,&#,2#53\!J'&'!%1'=!,1!

)5&7I505$#9,0!G,&#,*0'1!#3!65005J#3$!,3,041'1.!S02I5%$I!9'32&5#=!1#M'!Z#.'.\!1W%,&'!&552!

56!2I'!1%)!56!1W%,&'=!=#12,39'1!6&5)!',9I!0,3=),&@!25!2I'!9536#$%&,2#53!9'32&5#=[!#1!

2I'!5304!1#M'!G,&#,*0'!352!95&&'0,2'=!J#2I!0,3=),&@!9536#$%&,2#531!ZH55@12'#3!-DD-[\!

65&@!0'3$2I!J,1!%1'=!#3!65005J#3$!,3,041'1!*'9,%1'!#2!#1!)5&'!',1#04!95)7,&,*0'!25!

52I'&!'9505$#9,0!12%=#'1\!#2!#1!',1#04!95)7&'I'3='=\!,3=!6#1I!0'3$2I!#1!I#$I04!95&&'0,2'=!

J#2I!9'32&5#=!1#M'!Z&'1%021!352!1I5J3[.!

! R#8!=#'2,&4!9,2'$5&#'1!1'&G'=!,1!='7'3='32!G,&#,*0'1!,3=!J'&'!65&)'=!#3!,!

7&'G#5%1!12%=4!25!&'60'92!I,*#2,2O,1159#,2'=!6''=#3$!12&,2'$#'1!56!S&92#9!9I,&&!,9&511!

V9'0,3=!ZR,3=0%3=!'2!,0.!-DD:\!C,0)W%#12!'2!,0.!:UUU\!R35&&,153!,3=!R@d0,153!:UUE\!

Y55=1!'2!,0.!:U--[.!/5%321!J'&'!1%))'=!J#2I#3!$&5%71!,62'&!6#&12!)%02#704#3$!2I')!

J#2I!,3!#3=#9,25&!56!&'0,2#G'!*#5),11!2,@'3!6&5)!0#2'&,&4!15%&9'1!,3=!&5%3='=!25!2I'!

9051'12!5&='&!56!),$3#2%='!Z/I,72'&!-[.!TI#1!12%=4!,015!#3=#9,2'=!*5=4!J'#$I2\!

,=^%12'=!*4!,!G#1%,004!'12#),2'=!125),9I!6%003'11!&,2#3$\!J,1!&'0,2'=!25!252,0!125),9I!

J'#$I2!G#,!,!75J'&!6%392#53!J#2I!'8753'32!�!U.QK?!ZY55=1!'2!,0.!:U--[.!TI'&'65&'\!

=#'2,&4!9,2'$5&4!J'#$I21!J'&'!95&&'92'=!*4!=#G#=#3$!*4!*5=4!J'#$I2�125),9I!6%003'11!

,=^%12)'32!&,#1'=!25!2I'!'8753'32!U.QK?\!JI'&'!-e?\!:e?\!,3=!-!J'&'!2I'!125),9I!

6%003'11!,=^%12)'321!&'17'92#G'04!65&!&,2#3$1!-!Z2&,9'\!|-e?!6%00[\!:!ZI,06\!-e?g:e?!6%00[\!

5&!?!Z'32#&'\!p:e?!6%00[.!!
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G+-&2"#*+6%?&.-06*-6"')5062"-&0'*

TI'!),#3!$5,0!56!2I#1!,3,041#1!#1!25!,==&'11!2J5!7&5*0')1!95))53!JI'3!%1#3$!

)5&7I505$#9,0!=,2,f!-[!9I551#3$!2I'!)5&7I505$#9,0!G,&#,*0'!J#2I!2I'!$&',2'12!

7&'=#92#G'!,*#0#24!,3=!:[!6#22#3$!I#$I'&O5&='&!750435)#,0!)5='01!25!&'60'92!353O0#3',&!

&'0,2#531I#71.!"5&!2I'!6#&12!7&5*0')\!,!)'2I5=!65&!&52,2#3$!&'0,2#G'!J,&7!,8'1!J,1!

')7054'=!25!1412'),2#9,004!='6#3'!,!G,&#'24!56!95)751#2'!)5&7I505$#9,0!,8'1\!6&5)!

JI#9I!2I'!53'!J#2I!2I'!)512!7&'=#92#G'!,*#0#24!95%0=!*'!9I51'3!#3!,!$&#=!1',&9I.!"5&!2I'!

1'953=!7&5*0')\!J'!G,&#'=!2I'!='$&''!Z#.'.\!95)70'8#24[!56!2I'!750435)#,0!)5='0!%1'=!

#3!2I'!6#&12!12'7!,1!-\!:\!?\!5&!E!,3=!7'&65&)'=!,!I'%&#12#9!1',&9I!5G'&!2I'!$&#=!,3=!5G'&!

,00!6%00!750435)#,0!)5='01.!V3!,00!)5='01\!,!0,@'!9,2'$5&#9,0!6,925&!J#2I!;U!0'G'01\!

&'60'92#3$!2I'!0,@'!56!5&#$#3!65&!#3=#G#=%,0!6#1I\!J,1!'12#),2'=!25!,995%32!65&!0,@'!

=#66'&'39'1.!TI#3$G,00,G,23!J,1!%1'=!,1!,!*,1'0#3'!65&!2I#1!6,925&\!15!2I,2!,00!

95'66#9#'321!&'60'92!=#66'&'39'1!#3!9531%)72#53!56!7&'4!9,2'$5&#'1!#3!&'0,2#53!25!

TI#3$G,00,G,23.!!

T5!7'&65&)!2I'!&52,2#53!#3!2I'!6#&12!7&5*0')\!2I'!6#&12!2I&''!5&2I5$53,0!&'0,2#G'!

J,&71!6&5)!2I'!$'5)'2&#9!)5&7I5)'2&#9!,3,041#1!J'&'!95)*#3'=!#325!,!1#3$0'!

95)751#2'!)5&7I505$#9,0!G,&#,*0'!%1#3$!,!17I'&#9,0!&52,2#53.!/,&2'1#,3!955&=#3,2'1!

%1'=!,1!95'66#9#'321!J'&'!95312&,#3'=!25!0#'!53!,!17I'&'!J#2I!&,=#%1*1!�!-!ZNW.!-!g!E[\!#3!

JI#9I!C!&'7&'1'321!2I'!,3$0'!56!2I'!95)751#2'!)5&7I505$#9,0!G,&#,*0'!,J,4!6&5)!2I'!

8O,8#1\!,3=!D!&'7&'1'321!2I'!,3$0'!56!2I'!95)751#2'!)5&7I505$#9,0!G,&#,*0'!,J,4!6&5)!

2I'!4O,8#1.!TI'!95)751#2'!G,&#,*0'!3!J,1!65&)'=!*4!12,3=,&=#M#3$!&'0,2#G'!J,&7!-!

Z3E[\!&'0,2#G'!J,&7!:!Z3F[\!,3=!&'0,2#G'!J,&7!?!Z3G[\!,3=!2I'3!95)*#3#3$!2I')!#3!

7&575&2#531!='2'&)#3'=!*4!2I'#&!&'17'92#G'!&52,2#53!95'66#9#'321!=E\!=F\!,3=!=G*f!

! ! ! ! ! ! ! ! NW.!-!!

! 

m'= c
1
m
1
+ c

2
m
2

+ c
3
m
3
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! ! ! ! ! ! ! ! ! NW.!:!

! ! ! ! ! ! ! ! ! NW.!?!

! ! ! ! ! ! ! ! ! ! NW.!E!

! ! ! ! ! ! ! ! ! NW.!;!

TI#1!95)751#2'!G,&#,*0'!9,3!*'!'3G#1#53'=!,1!,!G'925&!*'$#33#3$!,2!2I'!5&#$#3!56!

,!17I'&'!J#2I!1!�!-!,3=!'3=#3$!,2!2I'!75#32!53!,!17I'&'!2I,2!95&&'1753=1*J#2I!2I'!2I&''!

95'66#9#'32!G,0%'1!Z=E\!=F\!,3=!=G[\!J#2I!2I'!G'925&!=#&'92#53!='2'&)#3'=!*4!2I'!,3$0'1!C*

,3=!D<*S!95)751#2'!)5&7I505$#9,0!G,&#,*0'!95)751'=!'32#&'04!56!2I'!6#&12!&'0,2#G'!J,&7!

Z#.'.\!3!�!3E[!J5%0=!*'!65%3=!04#3$!,053$!2I'!9O,8#1\!,1!='19&#*'=!*4!2I'!,3$0'!G,0%'1!C!

�!�!�!5&!U\!,3=!D!�!�!�e:\!,3=!JI#9I!&'1%021!#3!=E!�!�-\!=F!�!U\!,3=!=G!�!U.!!B#@'J#1'\!,!

95)751#2'!)5&7I505$#9,0!G,&#,*0'!95)751'=!'32#&'04!56!&'0,2#G'!J,&7!:!Z#.'.\!3!�!3F[!

J5%0=!I,G'!,3$0'1!C!�!�!�e:!,3=!D!�!�!�e:\!&'1%02#3$!#3!=E!�!U\!=F!�!�-\!,3=!=G!�!U!,3=!

04#3$!,053$!2I'!.O,8#1\!,3=!,!95)751#2'!)5&7I505$#9,0!G,&#,*0'!95)751'=!'32#&'04!56!

&'0,2#G'!J,&7!?!Z#.'.\!3!�!3G[!J5%0=!I,G'!2I'!,3$0'!C!�!�O�\!��!,3=!D!�!�!�!5&!U\!

&'1%02#3$!#3!=E!�!U\!=F!�!U\!,3=!=G!�!-!,3=!04#3$!,053$!2I'!7O,8#1.!TI'!95312&,#32!25!65&)!

955&=#3,2'1!,053$!,!17I'&'!J#2I!&,=#%1!�!-!ZNW.!;[!'31%&'1!2I,2!2I'!19,0'!56!,34!

9,09%0,2'=!3*J#00!352!9I,3$'!&'0,2#G'!25!52I'&1!Z#.'.\!3*,0J,41!I,1!2I'!1,)'!0'3$2I!1!�!

-[.!S!$&#=!56!7511#*0'!95)751#2'!)5&7I505$#9,0!7&'=#925&1!J,1!2I'3!65&)'=!*4!G,&4#3$!

=E!,3=!=F*#3!#32'&G,01!56!�e-UU!,3=!9,09%0,2#3$!=G!,1!-!O!=E!O!=F!ZNW.!;[.!TI#1!$&#=!J,1!2I'3!

%1'=!#3!2I'!3'82!12'7!25!'G,0%,2'!)5='01!,2!',9I!7511#*0'!)5&7I505$#9,0!7&'=#925&!#3!,!

$05*,0\!I'%&#12#9!1',&9I!65&!2I'!95)751#2'!)5&7I505$#9,0!G,&#,*0'!2I,2!4#'0=1!2I'!*'12!

7&'=#92#G'!,*#0#24!Z3H[.!!

! T5!G,&4!)5='0!95)70'8#24!#3!2I'!1'953=!12'7\!',9I!95)751#2'!)5&7I505$#9,0!

!

! 

c
1

= cos(")cos(#)

!

! 

c2 = sin(")cos(#)

!

! 

c3 = sin(")

!

! 

c
1

2
+ c

2

2
+ c

3

2
=1
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7&'=#925&!#3!2I'!,*5G'!$&#=!J,1!'G,0%,2'=!J#2I!E!$'3'&,0#M'=!0#3',&!)5='01!ZABC1[\!

',9I!6%00!750435)#,01!56!='$&''!-!g!E!&'17'92#G'04!65&!*52I!7&'=#925&!G,&#,*0'1!1#M'!Z)[!

,3=!95)751#2'!)5&7I505$4!Z3[!25!7&'=#92!=#'2!Z/[.!V6!='6,%02!12,&2#3$!G,0%'1!65&!2I'!

)5='0!95'66#9#'321!J'&'!352!1%66#9#'32!65&!)5='0!953G'&$'39'!#3!ABC1\!2I'!*'12O6#2!

95'66#9#'321!6&5)!953G'&$'=!)5='01!J'&'!%1'=!,1!12,&2#3$!G,0%'1.!C5='0!&'1%021\!

#390%=#3$!S#@,#@'k1!V365&),2#53!/&#2'&#,!ZSV/[\!J'&'!95)7#0'=!65&!',9I!7511#*0'!

95)751#2'!)5&7I505$#9,0!G,&#,*0'.!S00!ABC1!J'&'!7'&65&)'=!#3!F!12,2#12#9,0!1562J,&'!F!

P.!:.D.:!ZF!<'G'057)'32!T',)\!:UUD[!J#2I!#2'&,2#G'04!&'J'#$I2'=!0',12!1W%,&'1!

'12#),2#53!,3=!-UU!),8#)%)!#2'&,2#531\!,3=!$&,7I1!J'&'!),='!%1#3$!C,2I'),2#9,!P.!

Q.U-.U.!!

! F'1%021!6&5)!2I'!$&#=O*,1'=!1',&9I!J'&'!2I'3!%1'=!,1!,!12,&2#3$!75#32!65&!=!

95'66#9#'32!572#)#M,2#53!,3=!)5='0!&'=%92#53.!TI'!$&#=O*,1'=!I'%&#12#9!1',&9I!4#'0='=!

,!)5='0!J#2I!2I'!)#3#)%)!SV/!,2!,!$#G'3!95)751#2'!G,&#,*0'!Z='6#3'=!*4!2I'!=!G,0%'1[!

,3=!,!$#G'3!750435)#,0!='$&''.!"#&12\!2I'!750435)#,0!='$&''!J,1!I'0=!95312,32!#3!,!6%00!

)5='0\!JI#0'!=E*,3=!=F!J'&'!!572#)#M'=!%1#3$!3'$,2#G'!05$!0#@'0#I55=!)#3#)#M,2#53!

%1#3$!,!0#)#2'=O)')5&4\!W%,1#O('J253!,0$5&#2I)!ZH4&=!'2!,0.!-DD;[\!,3=!2I'!2I#&=!J,1!

9,09%0,2'=!6&5)!2I'!95312&,#32!ZNW.!;[.!H5%3=1!J'&'!5*2,#3'=!,1!2I'!)#3#)%)!,3=!

),8#)%)!=E!,3=!=F*G,0%'1!6&5)!2I'!1%*1'2!)5='01!2I,2!6'00!J#2I#3!,!&,3$'!56!2I'!

)#3#)%)!SV/!�!:!=%&#3$!2I'!I'%&#12#9!1',&9I\!2I'&'*4!&'7&'1'32#3$!,!1%*1'2!56!

'W%#G,0'32!)5='01!ZH50@'&!'2!,0.!:UUK[\!,02I5%$I!2I'1'!*5%3=1!J'&'!&'0,8'=!#6!

3'9'11,&4.!!

R'953=\!2I'!95)751#2'!)5&7I505$#9,0!G,&#,*0'!&'1%02#3$!6&5)!2I#1!6#&12!

572#)#M,2#53!J,1!I'0=!95312,32!JI#0'!2I'!)5='0!J,1!&'=%9'=!*4!&')5G#3$!2'&)1!2I,2!

=#=!352!='9&',1'!2I'!)5='0!SV/!*4!)5&'!2I,3!:!JI'3!#390%='=!#3!2I'!)5='0.!_5J'G'&\!
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%3#365&),2#G'!),#3!'66'921!J'&'!352!&')5G'=!#6!#32'&,92#531!#390%=#3$!2I,2!),#3!'66'92!

&'),#3'=!#3!2I'!)5='0.!V3!2I#1!9,1'\!2I'!),#3!'66'92!,3=!#32'&,92#531!J'&'!&')5G'=!

5304!#6!2I'#&!^5#32!#390%1#53!=#=!352!4#'0=!,!=&57!#3!SV/!$&',2'&!2I,3!:�r!2'&)1!*'#3$!

2'12'=.!TI#&=\!,!1'953=!572#)#M,2#53!56!2I'!95)751#2'!)5&7I505$#9,0!G,&#,*0'!J,1!2I'3!

7'&65&)'=!65005J#3$!2I'!1,)'!)'2I5=1!,1!2I'!6#&12!572#)#M,2#53!25!5*2,#3!2I'!6#3,0!

572#),0!)5&7I505$4!Z3H[!95&&'1753=#3$!J#2I!6#3,0!)5='0!&'1%021.!!

! "5&!95)7,&#153\!,352I'&!1',&9I!65&!,!)5&7I505$#9,0!G,&#,*0'!2I,2!

1#)%02,3'5%104!*'12!7&'=#921!9531%)72#53!#3!,00!7&'4!9,2'$5&#'1!J,1!,015!

#)70')'32'=.!S!7&59'=%&'!1#)#0,&!25!2I,2!='19&#*'=!,*5G'!65&!#3=#G#=%,0!)5='01!J,1!

7'&65&)'=\!'89'72!2I,2!',9I!75#32!#3!2I'!$05*,0!I'%&#12#9!1',&9I!J,1!'G,0%,2'=!*4!

6#3=#3$!2I'!)#3#)%)!1%)!56!2I'!3'$,2#G'!05$!0#@'0#I55=1!6&5)!)5='01!,9&511!,00!7&'4!

9,2'$5&#'1.!TI#1!1%)!#1!352!#21'06!,!0#@'0#I55=\!*%2!95%0=!*'!'87'92'=!25!6#3=!2I'!*'12!

7&'=#925&!,9&511!)5='01\!$#G'3!2I,2!2I'!)5='01!,&'!J'#$I2'=!'W%,004.!L2I'&!5*^'92#G'!

6%392#531!95%0=!*'!%1'=\!='7'3=#3$!53!2I'!#32'&'121!56!2I'!'G,0%,25&.!"5&!1#)70#9#24\!2I'!

#3#2#,0!$&#=O*,1'=!1',&9I!J,1!95312&,#3'=!25!9532,#3!5304!65%&2I!='$&''!750435)#,0!

'W%,2#531!65&!,00!)5='01.!TI'!=*G,0%'1!J'&'!2I'3!I'0=!95312,32!,2!2I'!G,0%'!9I51'3!*4!

2I'!$&#=O*,1'=!1',&9I\!,3=!)5='01!J'&'!&'=%9'=!1'7,&,2'04!*4!&')5G#3$!2'&)1!6&5)!

',9I!)5='0!#6!2I'#&!#390%1#53!=#=!352!4#'0=!,!=&57!#3!SV/!56!,2!0',12!:!Z%3='&!2I'!

95312&,#321!53!),#3!'66'921!0#12'=!,*5G'[.!B,12\!,!^5#32!572#)#M,2#53!56!=E!,3=!=F!J,1!

7'&65&)'=!,1!='19&#*'=!,*5G'!*4!)#3#)#M#3$!2I'!1%)!56!2I'!0#@'0#I55=1!,9&511!)5='01.!

D0?%#*.024&'"-&0'*"'?*&'-%6+6%-"-&0'**

! T5!)5='0!2I'!W%,32#24!9531%)'=!65&!',9I!=#'2,&4!9,2'$5&4\!2I'!='02,O$,)),!

)5='0#3$!6&,)'J5&@!J,1!')7054'=\!JI#9I!I,1!*''3!7&'G#5%104!*''3!%1'=!#3!2I'!

,3,041#1!56!=#'2!,3=!6#1I'&#'1!2&,J0!=,2,!ZR2'6u31153-DD>\!R2'6u31153-DDQ\!
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H&43^,&1=a22#&!,3=!R2'6u31153!:UUE[.!TI#1!,77&5,9I!170#21!2I'!=,2,!1'2!#325!2J5!

7&59'11'1!2I,2!,&'!6#&12!)5='0'=!1'7,&,2'04.!TI'!6#&12!)5='0!6#21!7&'1'39'e,*1'39'!=,2,!

%1#3$!*#35)#,0!'&&5&1!,3=!,!05$#2!0#3@!6%392#53\!JI#9I!7&'=#921!2I'!7&5*,*#0#24!2I,2!2I'!

=#'2,&4!#2')!I!#1!7&'1'32!#3!2I'!125),9I!*,1'=!53!)5&7I505$4!,3=!1#M'!!Z<@Z3I/\!)[[.!

TI'!1'953=!)5='0!#1!6#2!25!2I'!1%*1'2!56!*#5),11!=,2,!#3!JI#9I!2I'!=#'2,&4!9,2'$5&4!J,1!

7&'1'32\!%1#3$!$,)),!=#12&#*%2'=!'&&5&1!,3=!,!05$!0#3@!6%392#53\!2I'&'*4!7&'=#92#3$!

*#5),11!56!,!=#'2,&4!#2')!@!*,1'=!53!)5&7I505$4!,3=!1#M'\!$#G'3!2I,2!#2!#1!7&'1'32!#3!

2I'!125),9I!ZA@Z3I:\!)[.!TI'1'!2J5!)5='01!J#00!*'!&'6'&&'=!25!,1!}05$#12#9~!,3=!}05$~!

)5='01!&'17'92#G'04.!TI'!572#),0!)5&7I505$4!7&59'=%&'!='19&#*'=!,*5G'!J,1!6#&12!

&%3!1'7,&,2'04!65&!,00!)5='01\!4#'0=#3$!-:!&'=%9'=!$'3'&,0#M'=!0#3',&!)5='01!Z#.'.\!-!

05$#12#9!,3=!-!05$!)5='0!65&!',9I!=#'2,&4!9,2'$5&4!65&!ABC1[.!TI'&'65&'\!',9I!05$#12#9!

,3=!05$!)5='0!I,1!,!95&&'1753=#3$!572#),0!)5&7I505$4!3J\!2I,2!='7'3=1!53!*52I!2I'!

&'15%&9'!ZI[!,3=!)5='0!247'!Z/!e!:[.!+&'=#92'=!G,0%'1!6&5)!',9I!)5='0!,&'!2I'3!

)%02#70#'=!25!4#'0=!2I'!^5#32!7&5*,*#0#24!56!=#'2,&4!9,2'$5&4!*#5),11.!TI#1!7&'=#92#53!#1!

='7'3='32!53!*52I!3I/!,3=!3I:\!,3=!#1!,770#9,*0'!25!2I'!6%00!&,3$'!56!=,2,\!&'$,&=0'11!56!

JI'2I'&!2I'!=#'2,&4!#2')!J,1!7&'1'32!#3!,3!#3=#G#=%,0k1!125),9I!<A@Z3I/\!3I:\!)[!

ZR2'6u31153!-DD>[.!!

"5&!',9I!56!2I'!-:!)5='01!2I&''!)5='01!J'&'!6#2!65&!95)7,&#153f!-[!53'!#3!JI#9I!5304!

2I'!0,@'!6,925&!J,1!#390%='=!,1!,!7&'=#925&\!:[!53'!65&!JI#9I!,!0,@'!6,925&\!1#M'\!,3=!

)5&7I505$4!7&'=#925&1!J'&'!#390%='=\!J#2I!)5&7I505$4!572#)#M'=!1'7,&,2'04!65&!',9I!

)5='0\!,3=!?[!53'!65&!JI#9I!,!0,@'!6,925&\!1#M'\!,3=!)5&7I505$4!7&'=#925&1!J'&'!

#390%='=\!J#2I!)5&7I505$4!*'#3$!572#)#M'=!1#)%02,3'5%104!,9&511!,00!)5='01.!TI'1'!

)5='01!J'&'!95)7,&'=!%1#3$!SV/\!,02I5%$I!2I'!SV/!,3=!='$&''1!56!6&''=5)!J'&'!

#39&',1'=!*4!:!6&5)!2I'!ABC!5%27%2!25!,995%32!65&!'12#),2#53!56!=E!,3=!=F!95'66#9#'321.!!
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! S1!J#2I!353O0#3',&!)5='0#3$\!6#22#3$!95)70'8!ABC1!),4!0',=!25!2I'!#390%1#53!56!

I#$I'&!5&='&!7&'=#925&1!2I,2!9,%1'!%3&',0#12#9!7&'=#92#531!JI'3!'82&,750,2#3$!*'453=!

2I'!&,3$'!56!=,2,.!TI'&'65&'\!25!,#=!#3!#32'&7&'2,2#53\!J'!95&&'92'=!5%&!='02,O$,)),!

ABC!7&'=#92#531!Z<A@Z3/\!3:\!)[[!*4!='6#3#3$!,!95&&'92#53!6%392#53!Z/@Z3/\!3:\!)[[!2I,2!

&'60'921!5%&!*'0#'G,*#0#24!#3!2I'!7&'=#92'=!1%&6,9'1!,1!#2!&'0,2'1!25!G,&#,39'!,3=!='31#24!

56!=,2,!75#321.!TI'!95&&'92#53!'W%,2#53!J,1!)5='0'=!,62'&!12,3=,&=!'&&5&\!15!2I,2!#2!

&'1')*0'1!,!75#32J#1'!G,&#,39'!=#G#='=!*4!,3!#3=#9,25&!56!1,)70'!1#M'!'87'92'=!,2!2I,2!

75#32.!TI#1!6%392#53!J,1!2I'3!19,0'=!25!&,3$'�U\-�!25!*'!%1'=!,1!,!J'#$I2.!!

TI'!75#32J#1'!G,&#,39'!56!,!='02,O$,)),!)5='0!#1!='6#3'=!,1f!

! ! ! ! NW.!>!

JI'&'!+!#1!7&5*,*#0#24!'12#),2'=!6&5)!2I'!05$#12#9!)5='0\!,3=!K!,3=*1*,&'!2I'!)',3!,3=!

1I,7'!7,&,)'2'&1!56!2I'!$,)),!=#12&#*%2#531!'12#),2'=!#3!2I'!05$!)5='0!ZR2'6u31153!

-DD>[.!TI'!95&&'92#53!6%392#53!J,1!2I'3!65&)'=!65&!,!$#G'3!&'15%&9'!*4!6#&12!#31'&2#3$!

2I'!'12#),2'=!05$#12#9!ABC!65&!+*Z<Z3/\!)[[\!2I'!'12#),2'=!05$!ABC!65&!K*ZAZ3:\*)[[\!,3=!

2I'!1I,7'!7,&,)'2'&!'12#),2'=!#3!2I'!05$!ABC!6#2!65&!1<*TJ5!*#G,&#,2'!7&5*,*#0#24!

=#12&#*%2#53!6%392#531!Z+=Z3/\*)[\!+$Z3:\*)[[!J'&'!2I'3!'12#),2'=!6&5)!2I'!6%00!=,2,1'2\!

53'!65&!',9I!)5&7I505$4!,8#1\!,3=!2I'!$'5)'2&#9!)',3!56!2I'1'!7&5*,*#0#24!

=#12&#*%2#53!6%392#531!J,1!%1'=!,1!,3!#3=#9,25&!56!='31#24!56!=,2,!75#321!65&!,!$#G'3!

='02,O$,)),!)5='0.!T5!&'1')*0'!2I'!1W%,&'!&552!56!1,)70'!1#M'!65%3=!#3!2I'!

='35)#3,25&!56!12,3=,&=!'&&5&\!2I'!='35)#3,25&!56!2I'!95&&'92#53!6%392#53!9531#121!56!

2I'!1W%,&'!&552!56!2I'!7&5=%92!56!252,0!1,)70'!1#M'!(!�!-:?D!,3=!2I'!$'5)'2&#9!)',3!56!

7&5*,*#0#24!=#12&#*%2#53!6%392#531.!B,12\!2I#1!6%392#53!J,1!953G'&2'=!25!&,3$'!�U\!-�!*4!

2,@#3$!2I'!#3G'&1'!05$#2\!#3=#9,2'=!*4!2I'!6%392#53!#6LE\!1%*2&,92#3$!U.;!,3=!)%02#704#3$!

!

! 

Var(X) = p" 2 + µ2
p(1# p) = µ2
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*4!:f!

! ! NW.!Q!

TI#1!95&&'92#53!6%392#53!2I'&'65&'!,77&5,9I'1!-!JI'3!'#2I'&!G,&#,39'!,&5%3=!,!75#32!

#1!I#$I!5&!#21!7&5*,*#0#24!56!'8#12#3$!#3!2I'!=,2,1'2!#1!05J\!*%2!,77&5,9I'1!U!#3!2I'!

57751#2'!9,1'.!S!95&&'92'=!='02,O$,)),!)5='0!J,1!2I'3!9,09%0,2'=!,1!2I'!1%)!56!-[!

7&'=#92#531!J'#$I2'=!*4!5%&!*'0#'6!#3!2I')!Z-O!/@Z3/\!3:\!)[[\!,3=!:[!U!J'#$I2'=!*4!5%&!

353O*'0#'6!Z/@Z3/\!3:\!)[[.!TI#1!7&59'=%&'!#3I'&'3204!,11%)'1!2I,2!353'!56!,!&'15%&9'!#1!

9531%)'=!5%21#='!2I'!&,3$'!56!5%&!=,2,f!

! ! NW.!K!

<%'!25!3%)'&#9,0!7&5*0')1!,1159#,2'=!J#2I!'82&')'04!I#$I!3%)*'&1!7&5=%9'=!*4!*52I!

2I'!'12#),2'=!05$!ABC!)5='01!,3=!95&&'1753=#3$!G,&#,39'!6%392#531\!2I'1'!J'&'!$#G'3!

,!),8#)%)!,2!,!G,0%'!2I,2!6,&!'89''='=!,34!56!2I'!=,2,.!S!),8#)%)!7&'=#92#53!56!

:Q:\;UU!J,1!$#G'3!65&!2I'!G,&#,39'!6%392#53!ZNW.!>[\!95&&'1753=#3$!J#2I!,!7&'=#92#53!

56!;UU!65&!A@Z3:\*)[!,3=!U.-!65&!<@Z3/\!)[\!,3=!;U!65&!<A@Z3/\!3:\!)[.!

K0M&/;=8D4=&

! TI'!6#&12!&'0,2#G'!J,&7!,8#1!Z3E[!,995%32'=!65&!:E.:o!56!2I'!252,0!G,&#,2#53!,3=!

&'60'92'=!*'3=#3$!,&5%3=!2I'!,*=5)#3,0!1'92#53\!,1!J'00!,1!G,&#,2#53!#3!I',=!='72I!,3=!

9,%=,0!7'=%390'!0'3$2I!Z"#$.!:.-[.!('$,2#G'!3E*195&'1!,015!#3=#9,2'=!'87,31#53!56!2I'!

05J'&!I',=\!4#'0=#3$!,!)5&'!%72%&3'=!)5%2I\!JI'&',1!751#2#G'!3E*195&'1!4#'0='=!,3!

'87,31#53!56!2I'!%77'&!I',=!4#'0=#3$!,!)5&'!=5J32%&3'=!)5%2I.!TI'!1'953=!&'0,2#G'!

J,&7!,8#1!Z3F[!,995%32'=!65&!-;.>o!56!2I'!252,0!G,&#,2#53!,3=!#3=#9,2'=!#3=#G#=%,01!

!

!

! 

CDGk (md ,mg ,s) = DGk (md ,mg ,s)[1"Ck (md ,mg,s)]+ 0[Ck (md ,mg ,s)]
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J#2I!751#2#G'!195&'1!I,=!&'0,2#G'04!0,&$'&!I',=1!,3=!1I5&2'&!*5=#'1\!'17'9#,004!#3!2I'!

9,%=,0!7'=%390'!&'$#53.!('$,2#G'!195&'1!#3=#9,2'=!#3=#G#=%,01!J#2I!&'0,2#G'04!1),00'&!

I',=1!,3=!053$'&!*5=#'1!,3=!9,%=,0!7'=%390'1.!TI'!2I#&=!&'0,2#G'!J,&7!Z3G[!,995%32'=!

65&!--.Ko!56!2I'!252,0!G,&#,2#53!,3=!&'60'92'=!G,&#,2#53!#3!I',=!0'3$2I\!9,%=,0!7'=%390'!

0'3$2I\!,3=!*5=4!='72I.!V3=#G#=%,01!J#2I!3'$,2#G'!195&'1!I,=!&'0,2#G'04!1),00'&!I',=1\!

1I5&2'&!,3=!=''7'&!9,%=,0!7'=%390'1\!,3=!=''7!*5=#'1.!V3=#G#=%,01!J#2I!751#2#G'!

195&'1!I,=!053$'&!I',=1\!053$'&!,3=!3,&&5J!*5=#'1\!,3=!3,&&5J'&!9,%=,0!7'=%390'1!

Z"#$.!:.-[.!

! "5&!2I'!$&#=O*,1'=!1',&9I\!-:;U!752'32#,0!95)751#2'!)5&7I505$#9,0!G,&#,*0'1!

J'&'!65&)'=!,3=!%1'=!25!6#2!)5='01!65&!',9I!56!2I'!E!750435)#,0!0'G'01!,3,04M'=!#3!

',9I!56!2I'!2J5!)5='0!247'1.!L6!2I'1'!-:;U\!>:;!J'&'!%3#W%'!*'9,%1'!)5='01!J'&'!2I'!

1,)'!JI'3!%1#3$!�=EM*=FM*=G�!5&!O-��=EM*=FM*=G�.!_5J'G'&\!*52I!9,1'1!J'&'!&'2,#3'=!#3!9,1'!

53'!=#=!352!953G'&$'.!"5&!',9I!95)751#2'!)5&7I505$#9,0!G,&#,*0'\!2I'!6#3,0!)5='0!J#2I!

)#3#)%)!SV/!J,1!9I51'3!6&5)!2I'!1'2!56!K!)5='01!ZE!750435)#,0!)5='01!�!:!9,1'1!

%1#3$!'#2I'&!�=EM*=FM*=G�!5&!O-��=EM*=FM*=G�.!S02I5%$I!953G'&$'39'!J,1!15)'2#)'1!352!

,9I#'G'=!65&!)5&'!95)70'8!ABC1\!2I'!ABC!J#2I!2I'!)#3#)%)!SV/!,0J,41!953G'&$'=.!V6!

)5&'!2I,3!53'!750435)#,0!0'G'0!J,1!#390%='=!#3!2I'!1%*1'2!56!SV/!�!:!&'2,#3'=!6&5)!

2I'!I'%&#12#9!1',&9I\!2I'!)5&'!95)70'8!)5='0!J,1!%1'=!25!12,&2!)5='0!&'=%92#53.!
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&
(1R85;&K0:0&"0&"59419&9?@55&!"#$%#&'()*"#+&'()*@5;&;Q45;F;DE&2@51@CD;&13&=1V;&@4&F@48514E&@37&

F65A?6D6RE0&!?;&46A&A@3;D&5;A5;=;34=&@&4EA19@D&D1F3;419&F65A?\&S?;5;@=&4?;&C6446F&5;A5;=;34=&

@&4EA19@D&C;34?19&F65A?0&!?;=;&13712178@D=&@5;&<56F&!?13R2@DD@2@43\&S?19?&@D=6&9634@13=&@&

A1=9126568=&@37&=F@DD&C;34?19&F65A?&W+3655@=63&@37&+GkD@=63&KIIUX0&!?;&4S;D2;&CD@9G&@37&4S6&

S?14;&@556S=&13&4?;&8AA;5&A@3;D&5;A5;=;34&D@37F@5G=&@4&4?;&a8394163&6<&4S6&41==8;=&65&4?;&9;34;5&

6<&@&F65A?6D6R19@D&<;@485;0&!?;&=1Q&R5;E&@556S=&&13719@4;&=D1713R&D@37F@5G=&4?@4&S;5;&@DD6S;7&46&

=D17;&C;4S;;3&4?;&@7a@9;34&4S6&D@37F@5G=&13&4?;&@3@DE=1=&6<&D@37F@5G&7@4@0&!?;&CD@9G&C@5&1=&:I&

9F&D;3R4?&13&C64?&A@3;D=0&#0&/;=8D4=&6<&4?;&5;D@412;&S@5A&@3@DE=1=&6<&D@37F@5G&7@4@&E1;D7;7&4?5;;&

5;D@412;&S@5A&@Q;=&5;<D;9413R&2@51@4163&13&C;3713R&13&4?;&@C76F;3&W2H\&46AX\&=?654&C671;=&S14?&

D@5R;&?;@7=&W2K&\&F177D;&D;<4X&2;5=8=&D63R&C671;=&S14?&D@5R;&?;@7=&W2K&\&F177D;&D;<4X\&@37&7;;A&

=?654&C671;=&S14?&D@5R;&?;@7=&W2I&\&C6446F&D;<4X&2;5=8=&=F@DD&D63R&?;@7=&S14?&D63R&4?13&C671;=&

W2I&\&C6446F&D;<4X0&Z6134=&9655;=A637&S14?&D@37F@5G&A6=14163=&@37&5;A5;=;34&;Q45;F;&2@D8;=&6<&

5;D@412;&S@5A=&S14?13&4?;&5@3R;&6<&7@4@0&&
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! "5&!2I'!9,1'!#3!JI#9I!)5&7I505$#'1!J'&'!572#)#M'=!1'7,&,2'04!,)53$!)5='01\!

2I'!572#),0!)5&7I505$#9,0!,8'1!25!7&'=#92!=#'2!=#66'&'=!#3!15)'!9,1'1!*'2J''3!2I'!

05$#12#9!,3=!05$!)5='01\!*%2!352!J#='04!#3!)512!9,1'1!Z"#$.!:.:\!T,*0'!:.-[.!H'9,%1'!2I'!

95'66#9#'32!1'21!�=E\!=F\!=G�!,3=!O-��=E\!=F\!=G�\!JI#9I!95&&'1753=!J#2I!3J*,3=!g3JM!&'1%02!#3!

2I'!1,)'!)5='0!*%2!J#2I!&'G'&1'=!95'66#9#'321!65&!2'&)1!9532,#3#3$!3!5&!3G\!2I'!

95'66#9#'32!1'2!&'75&2'=!J,1!2I,2!J#2I!,!751#2#G'!=F!G,0%'!25!95&&'1753=!J#2I!$&,7I1!56!

2I'!$&#=O*,1'=!1',&9I!Z"#$.!:.:\!T,*0'!:.-[.!_5J'G'&\!3*J,1!)%02#70#'=!*4!O-!65&!15)'!

)5='01!Z#.'.\!05$#12#9!13,#0\!05$!2,=750'!1I&#)7\!,3=!*52I!6#1I!9531%)72#53[!25!,0#$3!

)',3#3$6%0!)5&7I505$#9,0!,8'1!2I,2!J'&'!)5&'!='7'3='32!53!=E*,3=*=G*,1!751#2#G'!

*'65&'!2I'!65&),2#53!56!70521!65&!#32'&7&'2,2#53!56!)5='0!6#21.!S00!#32'&7&'2,2#531!*'05J!

,&'!2I'&'65&'!65%3='=!53!2&'3=1!#3!"#$.!:.?!,3=!T,*0'!S:.D\!65&!JI#9I!2I'!1#$3!56!3*J,1!

60#77'=!6&5)!2I51'!&'75&2'=!#3!T,*0'1!:.-!,3=!S:.?!g!S:.K!65&!2I'!65%&!)5='01!0#12'=.!

/I,3$#3$!2I'!1#$3!56!3!I,1!35!'66'92!53!ABC!6#21\!15!)5='0!95'66#9#'321!&'75&2'=!#3!

S77'3=#8!:!ZT,*0'1!S:.-!g!S:.>[!=#&'9204!),29I!T,*0'!:.-.!!
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!@CD;&K0:0&'A41F8F\&F131F8F\&@37&F@Q1F8F&2@D8;=&<65&4?;&45@3=<65F@4163&96;<<191;34=&6<&

5;D@412;&S@5A&@Q;=&8=;7&46&<65F&4?;&6A41F@D&F65A?6D6RE&2J*<65&4?;&13719@4;7&F67;D0&B@D8;=&13&

C6D7&13719@4;&D@5R;&963451C84163=&6<&4?;&9655;=A63713R&5;D@412;&S@5A&46S@57&2J0&N;21@39;\&",)\&

A;59;34&2@51@39;&;QAD@13;7\&@37&7;R5;;=&6<&<5;;76F&@5;&@D=6&13719@4;7&<65&4?;&<13@D&5;789;7&

-$L=0&"DD&F67;D=&4?@4&139D87;7&@&F65A?6D6RE&6A41F1V@4163&S;5;&9655;94;7&13&4?;15&7;R5;;=&6<&

<5;;76F&CE&=8C45@9413R&K&@37&13&4?;15&",)&CE&@7713R&K0&Z;59;34&2@51@39;&;QAD@13;7&1=&9@D98D@4;7&

@=&:&f&/;=178@D&N;21@39;&_&*8DD&N;21@39;0&

 Generalized Linear Models 

Model  c1 c2 c3 AIC Dev. % Dev. df 

S
n

ai
l L

o
g

is
ti

c L only - - - 1338.4 1238.4 0.25 1189 

simult. opt. -0.3468 -0.8364 0.4245 1316.1 1202.1 0.27 1181 

optimum -0.8098 0.5143 0.2823 1292.0 1170.0 0.29 1177 

SE 0.0630 0.0699 -    (1238) 

L
o

g
  

L only - - - 658.7 586.9 0.28 438 

simult. opt. -0.3468 -0.8364 0.4245 655.7 573.6 0.30 432 

optimum 0.9191 0.3841 0.0880 642.3 554.3 0.32 429 

SE 0.0556 0.0916 -       (480) 

T
ad

p
o

le
 s

h
ri

m
p

 

L
o

g
is

ti
c L only - - - 1195.9 1095.9 0.32 1189 

simult. opt. -0.3468 -0.8364 0.4245 1169.4 1061.4 0.35 1184 

optimum 0.2182 0.3342 0.9169 1161.9 1049.9 0.35 1182 

SE 0.1257 0.1282 -    (1238) 

L
o

g
  

L only - - - -1239.1 1019.8 0.71 405 

simult. opt. -0.3468 -0.8364 0.4245 -1274.0 940.1 0.73 398 

optimum 0.2363 0.8378 -0.4922 -1272.3 939.8 0.73 397 

SE 0.1152 0.0494 -       (448) 

P
ea

 c
la

m
 

L
o

g
is

ti
c L only - - - 1269.5 1169.5 0.32 1189 

simult. opt. -0.3468 -0.8364 0.4245 1259.9 1155.9 0.33 1186 

optimum 0.1079 0.7687 0.6304 1247.5 1139.5 0.34 1184 

SE 0.1187 0.0826 -    (1238) 

L
o

g
  

L only - - - -398.3 1186.1 0.39 543 

simult. opt. -0.3468 -0.8364 0.4245 -419.6 1128.4 0.42 534 

optimum 0.8066 0.5346 0.2523 -426.6 1105.7 0.43 530 

SE 0.0805 0.1194 -       (589) 

C
la

d
o

ce
ra

n
 

L
o

g
is

ti
c L only - - - 480.7 380.7 0.38 1189 

simult. opt. -0.3468 -0.8364 0.4245 425.3 309.3 0.50 1180 

optimum 0.7349 0.3721 -0.5670 424.9 316.9 0.48 1184 

SE 0.1307 0.1571 -    (1238) 

L
o

g
  

L only - - - -78.7 194.5 0.46 62 

simult. opt. -0.3468 -0.8364 0.4245 -85.1 149.1 0.58 50 

optimum 0.1739 0.9738 -0.1467 -109.8 115.0 0.68 49 

SE 0.0419 0.0096 -       (83) 

&
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C
h

ir
o

n
o

m
id

 p
u

p
ae

 

L
o

g
is

ti
c L only - - - 1301.6 1201.6 0.29 1189 

simult. opt. -0.3468 -0.8364 0.4245 1278.7 1156.7 0.32 1177 

optimum 0.4968 0.8172 -0.2922 1275.7 1151.7 0.32 1176 

SE 0.1112 0.0764 -    (1238) 

L
o

g
  

L only - - - -1268.8 861.5 0.32 497 

simult. opt. -0.3468 -0.8364 0.4245 -1338.8 748.3 0.41 485 

optimum 0.3124 0.9494 -0.0328 -1342.4 751.1 0.41 488 

SE 0.0000 0.0000 -    (536) 

F
is

h
 L

o
g

is
ti

c L only - - - 633.1 533.1 0.38 1189 

simult. opt. -0.3468 -0.8364 0.4245 550.1 438.1 0.49 1182 

optimum -0.4603 0.8703 0.1750 534.5 418.5 0.51 1180 

SE 0.1127 0.0678 -    (1238) 

L
o

g
  

L only - - - 198.6 72.3 0.42 110 

simult. opt. -0.3468 -0.8364 0.4245 169.4 54.5 0.57 103 

optimum -0.9762 0.1802 0.1209 156.6 46.5 0.63 98 

SE 0.0296 0.1335 -       (134) 

&
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(1R85;&K0K0&)6;<<191;34=&W.H&f&.IX&5;=8D413R&<56F&6A41F1V@4163&A569;785;&63&F65A?6D6R19@D&

A5;719465=&@5;&1DD8=45@4;7&S14?13&4?;&RD6C@D&=;@59?&=A@9;&<65&;@9?&F67;D&W96D8F3=X&S14?13&;@9?&

71;4@5E&9@4;R65E&W56S=X0&)6D65=&5;A5;=;34&5;D@412;&963451C84163=&6<&2H&W5;7X\&2K&WR5;;3X\&@37&2I&

WCD8;X&C@=;7&63&4?;&F@R31487;&96;<<191;34&2@D8;=0&%@9?&CD@9G&A6134&S14?13&4?;&=A?;5;&5;A5;=;34=&

@&D69@4163&;2@D8@4;7&S14?&H&F67;D=[&:&<65&;@9?&A6DE36F1@D&7;R5;;&F67;D&;2@D8@4;7&78513R&4?;&

RD6C@D&?;851=419&=;@59?&W:`UX&@4&4?;&13719@4;7&D69@4163&<65&C64?&l.H\&.K\&.Im&@37&l.H\&`.K\&.Im0&'A@914E&6<&

4?;&CD@9G&62;5D@E&9655;=A637=&S14?&4?;&F131F8F&",)&@F63R&4?;=;&H&F67;D=\&=6&4?@4&4?;&7@5G;=4&

5;R163=&13719@4;&@5;@=&13&S?19?&@DD&F67;D=&E1;D7;7&?1R?&",)&2@D8;=0&!?;&CD@9G&A6DER63=&13719@4;&

5;R163=&6<&F67;D=&4?@4&E1;D7;7&",)&2@D8;=&78513R&4?;&RD6C@D&=;@59?&4?@4&S;5;&S14?13&nK&6<&4?;&

F131F8F&",)0&!?;&=4@5&13719@4;=&4?;&<13@D&6A41F@D&2@D8;=&6<&.&96;<<191;34=&@<4;5&F67;D&5;7894163=&

@37&9655;=A637=&S14?&!@CD;&K0:0&!?;=;&=4@5=&F@E&<@DD&=D1R?4DE&684=17;&6<&4?;&RD6C@D&=;@59?;=&

C;9@8=;&RD6C@D&=;@59?;=&S;5;&C@=;7&63&<8DD&A6DE36F1@D=&S14?&@DD&134;5@94163=&139D87;7\&S?;5;@=&

F67;D=&S14?&6A41F@D&2@D8;=&6<&.*?@2;&C;;3&5;789;70&
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TI'!*'12!)5&7I505$#9,0!7&'=#925&!65&!*52I!13,#01!,3=!6#1I!J,1!I',G#04!

='7'3='32!53!3E\!,1!#3=#9,2'=!*4!2I'!I#$I!,*150%2'!G,0%'1!56!=E\*&'60'92#3$!

7&'=#92,*#0#24!*,1'=!53!I',=!='72I\!'87,31#53!56!57'&9%0,&!&'$#531\!9,%=,0!7'=%390'!

='72I\!,3=!)5%2I!=#&'92#53!Z1%*2'&)#3,0!e!2'&)#3,0[.!S02I5%$I!13,#0!9531%)72#53!

599%&&'=!#3!,!J#='!G,&#'24!56!1#M'1!,3=!)5&7I505$#9,0!G,0%'1\!#3=#9,2#3$!I#$I!$'3'&,0!

9531%)72#53!7'&!$!9531%)'&\!2I'&'!J'&'!2J5!90',&!7',@1!56!13,#0!9,2'$5&4!

9531%)72#53!,2!I#$I!)5&7I505$#9,0!G,0%'1!,3=!2J5!=#66'&'32!1#M'1.!"#1I!9531%)72#53!

J,1!,015!I#$I04!='7'3='32!53!3E\!J#2I!0,&$'!W%,32#2#'1!),#304!*'#3$!',2'3!*4!0,&$'!

S&92#9!9I,&&!Zp!:U!9)[!,2!3'$,2#G'!3E!G,0%'1\!#3=#9,2#3$!2'&)#3,0!)5%2I1!,3=!=''7'&!

I',=1!,3=!9,%=,0!7'=%390'1.!TI'!0,&$'!9532&#*%2#53!56!751#2#G'!3F*G,0%'1!,015!#3=#9,2'=!

2I,2!*5=#'1!J'&'!$'3'&,004!12&',)0#3'=\!&,2I'&!2I,3!=''7\!#3!7#19#G5&'1\!'G'3!2I5%$I!

)5&7I505$4!J,1!$'3'&,004!W%#2'!G,&#,*0'.!B,&$'!*#5),11!G,0%'1!56!6#1I!9531%)72#53!

7'&!$&,)!56!9531%)'&!,015!#3=#9,2'!2I,2!2I#1!&'15%&9'!#1!',2'3!#3!0,&$'!W%,32#2#'1!JI'3!

9531%)'=.!+#19#G5&4!12''704!#39&',1'=!25!I#$I!0'G'01!5G'&!:U!9)\!#3=#9,2#3$!,3!

5325$'3'2#9!1I#62!25J,&=!7#19#G5&4.!

! +&'=#92#53!56!2I'!2,=750'!1I&#)7!9,2'$5&4!9531%)72#53!J,1!),#304!='7'3='32!

53!3F*,3=!3G\!,02I5%$I!2I'1'!J'&'!56!=#66'&'32!1#$31!5304!#3!2I'!05$!)5='0\!JI#9I!J,1!

)%02#70#'=!*4!O-!25!,0#$3!3G**'65&'!#32'&7&'2,2#53!Z"#$.!:.?[.!TI#1!&'1%02!#3=#9,2'=!2I,2!

G,&#,*#0#24!#3!I',=!1#M'!,3=!*5=4!0'3$2I\!'17'9#,004!#3!2I'!9,%=,0!7'=%390'!&'$#53\!I,=!

2I'!)512!7&'=#92#G'!,*#0#24.!TI#1!9,2'$5&4!J,1!9531%)'=!)51204!*4!S&92#9!9I,&&!J#2I!

)'=#%)!1#M'1\!7',@#3$!,&5%3=!:U!9)!J#2I!3'$,2#G'!572#),0!)5&7I505$4!195&'1\!

&'60'92#3$!,!95)*#3,2#53!56!3'$,2#G'!3G!,3=!751#2#G'!3F!9I,&,92'&#12#91.!TI'!7',@!

2I'&'65&'!&'60'921!10#$I204!=5J32%&3'=!)5%2I1!J#2I!&,2I'&!=''7!*5=#'1!,3=!0,&$'!

I',=1\!*%2!G,&#,2#53!#3!9,%=,0!7'=%390'!0'3$2I!9,39'01!5%2.!!
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(1R85;&K0M0&!?;&D;<4&96D8F3&6<&A@3;D=&5;A5;=;34=&A5;7194;7&71;4@5E&9@4;R65E&C@=;7&63&

F65A?6D6RE&@37&=1V;&6<&;@9?&71;4@5E&9@4;R65E&@<4;5&F67;D&96FC13@4163&W10;0\&N-GW2L?\&2L:\&)XX0&

#;9@8=;&4?1=&<8394163&@948@DDE&7;A;37=&63&4?5;;&2@51@CD;=\&E;4&K&2@51@CD;=&@5;&4?;&=1FAD;=4&<65&

R5@A?19@D&5;A5;=;34@4163\&2L?**M*2L:&13&4?;=;&R5@A?=\&;2;3&4?68R?&4?1=&F@E&364&C;&4?;&9@=;&<65&

13712178@D&<1=?0&!6&;3=85;&4?@4&2L?*&@37*2L:&S;5;&@D1R3;7&@37&968D7&C;&134;5A5;4;7&=1F1D@5DE\&4?;&

=1R3&6<&2*@37&F67;D&96;<<191;34=&<65&4;5F=&9634@1313R&2*65&2I*S;5;&<D1AA;7&<65&4?;&D6R1=419&=3@1D&

F67;D\&4?;&D6R&4@7A6D;&=?51FA&F67;D\&@37&C64?&<1=?&F67;D=&W=;;&4;Q4&<65&7;4@1D=X0&(1R85;=&C;D6S&

4?;5;<65;&715;94DE&9655;=A637&S14?&F67;D=&13&!@CD;&K0:\&;Q9;A4&4?@4&6A41F@D&.*2@D8;=&<65&4?;=;&U&

F67;D=&?@2;&C;;3&F8D41AD1;7&CE&`:0&,34;5A5;4@4163=&6<&?6S&71;4&2@51;=&S14?&F65A?6D6RE&S1DD&364&

C;&@<<;94;7&@=&D63R&@=&C64?&2L?&@37&2L:&@5;&963=17;5;7&@=&963451C8413R&46&4?;&F65A?6D6R19@D&@Q1=d&

?6S;2;5\&;Q@94&A5;7194163=&C@=;7&63&13712178@D=&9@3364&C;&<8DDE&5;A5;=;34;7&CE&4?;=;&R5@A?=\&

@37&@5;&13=4;@7&63DE&5;A5;=;34;7&CE&4?;15&2L:*2@D8;=0&#D@9G&@37&5;7&A6134=&@5;&4?;5;<65;&8=;7&46&

=?6S&R;3;5@D&A@44;53=&6<&7@4@&7;3=14E\&364&;Q@94&A5;7194163=&C@=;7&13712178@D&<1=?0&

!?13R2@DD@2@43&1=&71=413R81=?;7&CE&5;7&A6134=&46&96345@=4&A@44;53=&13&<1=?&4?@4&963451C84;7&46&685&

651R13@D&?EA64?;=;=0&!?;&=;9637&96D8F3&5;A5;=;34=&9655;=A63713R&9655;94163&<8394163=&W)GW2L?\&

2L:\&)XX\&S?;5;@=&4?;&4?157&96D8F3&5;A5;=;34=&9655;94;7&7;D4@`R@FF@&F67;D=&8A63&S?19?&

134;5A5;4@4163=&@5;&C@=;7&W)N-GW2L?\&2L:\&)XX0&
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#3!7&'4!#2')1!JI'3!&'6'&&#3$!25!6''=#3$!)5='1!1%9I!,1!}*'32I#G5&4~!15!2I,2!12%=4!

&'1%021!,3=!='1#$3,2#53!56!}*'32I#9~!)5&7I1!),4!*'!95)7,&,*0'.!TI#1!&'1%02!9,3!,015!

*'!#)75&2,32!#3!2I'!='1#$3!56!'87'&#)'321!1#39'!=#66'&'32!65&)1!56!}*'32I#G5&4~!

,77,&'3204!#3=%9'!=#66'&'32!247'1!56!)5&7I505$#9,0!G,&#,2#53.!!

! <#'2,&4!2&'3=1!#3!$'3'&,0!)%12!*'!#32'&7&'2'=!,1!&'1%02#3$!6&5)!,!95)*#3,2#53!

56!655=!,G,#0,*#0#24!,3=!52I'&!'3G#&53)'32,0!953=#2#531\!,1!J'00!,1!655=!7&'6'&'39'!,3=!

,=,72#G'!65&,$#3$!*'I,G#5&1.!V3!2I#1!12%=4\!*4!#390%=#3$!,!9,2'$5&#9,0!0,@'!6,925&!#3!,00!

)5='01\!J'!J'&'!,*0'!25!='2'92!2&'3=1!#3!)5&7I505$4!,3=!1#M'!25!7&'=#92!=#'2!,1!#2!

$'3'&,004!599%&1!,9&511!0,@'1.!S00!0,@'O17'9#6#9!G,&#,2#53!J,1!,995%32'=!65&!#312',=!*4!

2I'!0,@'!95'66#9#'321!Z'.$.\!='31#24!='7'3='39'\!'3G#&53)'32,0!9I,&,92'&#12#91\!,=,72#G'!
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65&,$#3$!*'I,G#5&,0!&'17531'1!25!'3G#&53)'32,0[.!TI'&'65&'\!2I'1'!&'0,2#531I#71!9,3!

*'!%1'=!25!#3=#9,2'!I5J!S&92#9!9I,&&!9I,&,92'&#12#91!$'3'&,004!&'0,2'!25!7&'4!

9531%)72#53!!*,1'=!53!)5&7I505$4!,3=!1#M'.!H&5,=!$'5$&,7I#9,0!,3,041'1!56!G,&#,2#53!

,)53$!757%0,2#531\!1%9I!,1!2I'!53'!7&'1'32'=!I'&'\!,&'!3'9'11,&4!25!*52I!%3='&12,3=!

I5J!2I'1'!7,22'&31!I,G'!,&#1'3!,3=!I5J!757%0,2#531!,66'92!2I'!'951412')1!#3!JI#9I!

2I'4!&'1#='.!T5!#39&',1'!2I'!7&'=#92#G'!,*#0#24!56!)5='01!1%9I!,1!2I51'!7&'1'32'=\!)5&'!

='2,#0'=!#365&),2#53!53!I5J!S&92#9!9I,&&!*'I,G#5&,004!&',92!25!0,@'O17'9#6#9!

9I,&,92'&#12#91!Z'.$.\!='31#24O='7'3='39'\!&'15%&9'!,G,#0,*#0#24[!,&'!3''='=.!

K0>&/;<;5;39;=&
S=,)1\!/.N.\!,3=!_%32#3$65&=\!".S.!:UU:,.!V3I'&#2'=!=#66'&'39'1!#3!I',=!,005)'2&4!#3!

7504)5&7I#9!S&92#9!9I,&&!6&5)!B59I!F,3359I\!R9520,3=.!N<*O&)-*A&0#<!>Uf!;-;O;:U.!

S=,)1\!/.N.\!,3=!_%32#3$65&=\!".S.!:UU:*.!TI'!6%392#53,0!1#$3#6#9,39'!56!#3I'&#2'=!

=#66'&'39'1!#3!6''=#3$!)5&7I505$4!#3!,!14)7,2&#9!7504)5&7I#9!757%0,2#53!56!

S&92#9!9I,&&.!?$0#<*?=0#0:.!->f!-;O:;.!

S=,)1\!/.N.\!"&,1'&\!<.\!_%32#3$65&=\!".S.\!A&''&\!F.H.\!S1@'J\!/.C.\!,3=!Y,0@'&\!S.".!

-DDK.!T&57I#9!7504)5&7I#1)!,)53$12!S&92#9!9I,&&!6&5)!B59I!F,3359I\!

R9520,3=.!N<*O&)-*A&0#<*;:f!-:;DO-:Q-.!

S=,)1\!/.N.\!Y#0153\!S.c.\!,3=!"'&$%153\!C.C.!:UUK.!+,&,00'0!=#G'&$'39'!56!14)7,2&#9!

$'3'2#9!,3=!*5=4!1#M'!65&)1!56!S&92#9!9I,&&\!!"#$%#&'()*"#+&'()\!6&5)!2J5!

R9522#1I!0,@'1.!A&0#<*N<*4&''%"'*!0=<!D;f!QEKOQ;Q.!

S3='&1153\!c.!:UU?.!N66'921!56!=#'2O#3=%9'=!&'15%&9'!7504)5&7I#1)!53!7'&65&),39'!#3!

S&92#9!9I,&&!Z!"#$%#&'()*"#+&'()[.!NG50.!N950.!F'1.!;f!:-?!g!::K.!

S3='&1153\!c.\!,3=!+'&1153\!B.!:UU;.!H'I,G#5%&,0!,3=!)5&7I505$#9,0!&'17531'1!25!

9,33#*,0#1)!#3!S&92#9!9I,&&!Z!"#$%#&'()*"#+&'()[.!?$0#<*?=0#<*8%)<!Qf!Q>QOQQK.!

S3='&1153\!c.\!H412&v)\!+.\!/0,'11'3\!<.\!+'&1153\!B.\!,3=!<'!F551\!S.C.!:UUQ.!

R2,*#0#M,2#53!56!757%0,2#53!60%92%,2#531!=%'!25!9,33#*,0#1)!7&5)52'1!&'15%&9'!

7504)5&7I#1)!#3!6#1I.!S).!(,2.!->Df!K:U!g!K:D.!

S3='&1153\!c.\!H412&v)\!+.\!+'&1153\!B.\!,3=!<'!F551\!S.C.!:UU;.!+0,12#9!&'15%&9'!

7504)5&7I#1)f!'66'921!56!&'15%&9'!,G,#0,*#0#24!53!S&92#9!9I,&&Z!"#$%#&'()*

"#+&'()[!)5&7I505$4.!A&0#<*N<*4&''%"'*!0=<!K;f!?E-O?;-.!

S&,d^5\!C.R.\!H503#9@\!<.V.\!C,9I,=5\!A.\!A#,&'22,\!S.S.\!,3=!=51!F'#1\!R.".!:UUQ.!X1#3$!�-?/!

12,*0'!#15257'1!25!W%,32#64!#3=#G#=%,0O0'G'0!G,&#,2#53.!L'9505$#,!-;:f!>E?!g!>;E.!
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S&*5%&\!c._.\!_,&=#'\!<./.\!,3=!_%29I#3$1\!c.S.!:U--.!C5&7I5)'2&#9!,3=!$'3'2#9!,3,041'1!

56!2J5!14)7,2&#9!)5&7I1!56!S&92#9!9I,&&Z!"#$%#&'()*"#+&'()[!#3!2I'!/,3,=#,3!

_#$I!S&92#9.!/,3.!c.!j550.!KDf!-D!g!?U.!
Bolker, B.M. 2008. Ecological Models and Data in R. Princeton University Press, 

Princeton. 408. pp. 

H503#9@\!<.V.\!RG,3*�9@\!F.\!"5&=49'\!c.S.\!q,3$\!B._.\!<,G#1\!c.C.\!_%01'4\!/.<.\!,3=!

"5&#12'&\!C.B.!:UU?.!TI'!'9505$4!56!#3=#G#=%,01f!#39#='39'!,3=!#)70#9,2#531!56!

#3=#G#=%,0!17'9#,0#M,2#53.!S).!(,2.!->-f!-!g!:K.!
Bookstein, F.L. 1991. Morphometric Tools for Landmark Data: Geometry and Biology. 

Cambridge University Press, New York. 435 pp. 

H&v3),&@\!/.!-DDE.!N66'921!56!T'39I!,3=!+'&9I!53!#32'&,92#531!#3!,!6&'1IJ,2'&\!*'32I#9!

655=!9I,#3.!g!N950.!Q;f!-K-K!g!-K:K.!

H&43^,&1=522#&\!c.\!,3=!R2'6u31153\!A.!:UUE.!S3,041#1!56!95=!9,29I!=,2,!6&5)!V9'0,3=#9!

$&5%3=6#1I!1%&G'41!%1#3$!$'3'&,0#M'=!0#3',&!)5='01.!O&)-<*8%)<!QUf!-D;O:UK.!
Byrd, R.H., Lu, P., Nocedal, J., and Zhu, C. 1995. A limited memory algorithm for bound 

constrained optimization. SIAM J. Scientific Computing 16: 1190–1208. 

H412&v)\!+.!,3=!S3='&1153\!c.!:UU;.!R#M'O='7'3='32!65&,$#3$!9,7,9#2#'1!,3=!

#32'&95I5&2!95)7'2#2#53!#3!,3!5325$'3'2#9!5)3#G5&'!ZS&92#9!9I,&[.!P&I0)!--Uf!

;:?O;?>.!

H412&v)\!+.\!S3='&1153\!c.\!+'&1153\!B.\!,3=!<'!F551\!S.C.!:UUE.!R#M'O='7'3='32!

&'15%&9'!0#)#2,2#53!,3=!65&,$#3$O7&'=,2#53!&#1@!2&,='O5661f!$&5J2I!,3=!I,*#2,2!

%1'!#3!45%3$!S&92#9!9I,&.!P&I0)!-UEf!-UDO-:-.!

/,0#1#\!F.C.\!,3=!H'320'4\!A.N.!:UUD.!B,*!,3=!6#'0=!'87'&#)'321f!,&'!2I'4!2I'!1,)'!

,3#),0�!_5&)53'1!,3=!H'I,G#5&!;>f!-!O!-U.!

/,%2\!R.\!F5')'&\!A.Y.\!<530,3\!/.c.\!i!/5%&9I,)7\!".!:UU>.!/5%70#3$!12,*0'!#15257'1!

J#2I!*#5'3'&$'2#91!25!'12#),2'!#32'&17'9#6#9!#32'&,92#531.!N950.!S77.!->f!-KD?O

-DUU.!
Dieckmann, U., Metz, J.A.J., Doebeli, M., and Tautz, D. 2004. Introduction. In: Adaptive 

Speciation. Cambridge University Press, Cambridge. 460 pp. 

Emmerson, M. and Raffaelli, D. 2004. Predator-prey body size, interaction strength and the 

stability of a real food web. J. Anim. Ecol. 73: 399 – 409. 

"5&1'2I\!T.\!X$'=,0\!L.\!,3=!ca31153\!H.!-DDE.!TI'!'3'&$4!*%=$'2\!3#9I'!1I#62\!

&'7&5=%92#53!,3=!$&5J2I!#3!,!757%0,2#53!56!S&92#9!9I,&&\!!"#$%#&'()*"#+&'().!N<*

5'&3"#*?=0#<!>?f!-->O-:>.!

"&,1'&\!<.\!S=,)1\!/.N.\!,3=!_%32#3$65&=\!".S.!-DDK.!T&57I#9!7504)5&7I#1)!,)53$!

S&92#9!9I,&&!!"#$%#&'()*"#+&'()!B.\!6&5)!B59I!N&#9I2\!R9520,3=.!?=0#<*O1%)-Q"6%1*
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O&)-!Qf!-KEO-D-.!
Griffiths, D. 1994. The size structure of lacustrine Arctic charr (Pisces: Salmonidae) 

populations. Biol. J. Linn. Soc. 51: 337 – 357. 

Harmon, L.J., Matthews, B., Des Roches, S., Chase, J.M., Shurin, J.B., and Schluter D. 

2009. Evolutionary diversification in stickleback affects ecosystem functioning. 

Nature 458: 1167 – 1170. 

_,J@#31\!<.`.!,3=!�%#33\!T.+.!-DD>.!/&#2#9,0!1J#))#3$!G'059#24!,3=!,1159#,2'=!

)5&7I505$4!56!^%G'3#0'!95,12,0!9%22I&5,2!2&5%2!ZP'=01-.'=-()*=#"1I&*=#"1I&[\!

12''0I',=!2&5%2!ZP'=01-.'=-()*3.I&))[\!,3=!2I'#&!I4*&#=1.!/,3.!c.!"#1I.!SW%,2.!

R9#.!;?f!-EKQ!g!-ED>.!

_'&1I'4\!S.N.!'2!,0.!-DDD.!S!$'5)5&7I#9O2&57I#9!)5='0!65&!0,3=19,7'!9532&50!56!S&92#9!

0,@'!655=!J'*1.!g!H#5R9#'39'!EDf!KKQ!g!KDQ.!!!!

_^'0)\!C.\!,3=!+'&1153\!B.!:UU-.!R#M'O='7'3='32!,22,9@!&,2'!,3=!I,3=0#3$!9,7,9#24f!

#32'&O95I5&2!95)7'2#2#53!#3!,!M5570,3@2#G5&5%1!6#1I.!L#@51!D;f!;:U!g!;?:.!

c5I3153\!B.!-DKU.!TI'!S&92#9!9I,&&\!!"#$%#&'()*"#+&'().!R'*/I,&&1f!1,0)53#=!6#1I'1!56!2I'!

$'3%1!!"#$%#&'().!N=.!H,053\!N.`.!<&.!Y.!c%3@!+%*0#1I'&1\!TI'!_,$%'\!

('2I'&0,3=1\!77.!-;!g!DK.!

c531153\!H.\!,3=!c531153!(.!:UU-.!+504)5&7I#1)!,3=!17'9#,2#53!#3!S&92#9!9I,&&.!c.!"#1I!

H#50.!;Kf!>U;!g!>?K.!

`,I#0,#3'3\!`.\!,3=!B'I253'3\!_.!:UU?.!+#19#G5&4!,3=!7&'4!1'0'92#53!56!65%&!7&'=,25&!

17'9#'1!#3!,!JI#2'6#1I!=5)#3,2'=!1%*,&92#9!0,@'.!N<*O&)-*A&0#<!>?f!>;DO>Q:.!

`,7&,05G,\!`._.\!C5&&#11'4\!C.H.\!`&#12^u31153\!H.`.\!�0,61=a22#&\!A.S.\!R35&&,153\!R.R.\!

,3=!"'&$%153\!C.C.!NG50%2#53!56!,=,72#G'!=#G'&1#24!,3=!$'3'2#9!9533'92#G#24!#3!

S&92#9!9I,&&!Z!"#$%#&'()*"#+&'()[!#3!V9'0,3=.!_'&'=#24!-U>f!EQ:!g!EKQ.!

`,&12OF#==59I\!T.B.\!C,0)W%#12!_.c.\!,3=!R)50\!c.+.!:UUD.!F'0,2#531I#71!*'2J''3!

6&'1IJ,2'&!1'=#)'32,&4!=#,25)1!,3=!'3G#&53)'32,0!G,&#,*0'1!#3!R%*,&92#9!

V9'0,3=#9!0,@'1.!"%3=.!,3=!S770.!B#)350.!-Q;f!-O:K.!

`53=5I\!C.\!,3=!(#35)#4,\!`.!:UUD.!"55=O9I,#3!0'3$2I!,3=!,=,72#G'!65&,$#3$.!+&59.!F.!

R59.!H!:Q>f!?--?!g!?-:-.!

`&#12^u31153!H`.!:UUK.!"#3'!19,0'!7I'35247#9!=#G'&1#24!56!S&92#9!9I,&&!Z!"#$%#&'()*

"#+&'()[!#3!&'0,2#53!25!'9505$#9,0!9I,&,92'&1.!+I.<.!TI'1#1\!j5505$4!<'7,&2)'32.!

X3#G'&1#24!56!A%'07I.!

B5'%#00'\!(.!:U-U.!/531'W%'39'1!56!,=,72#G'!65&,$#3$!#3!=#G'&1'!95))%3#2#'1.!

"%392#53,0!N9505$4!:Ef!-K!g!:Q.!

C,0)W%#12\!_.c.\!S32531153\!T.\!A%h*'&$1153\!A.\!R@d0,153\!R.\!,3=!R35&&,153\!R.R.!:UUU.!

H#5=#G'&1#24!56!),9&5#3G'&2'*&,2'1!53!&59@4!1%*12&,2'!#3!2I'!1%&6!M53'!56!
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V9'0,3=#9!0,@'1.!P'&I.!V32'&3,2.!P'&'#3.!B#)350.!:Qf!-OQ.!

C,0)W%#12\!_.c.\!R35&&,153\!R.R.\!R@d0,153\!R.\!ca31153\!H.\!R,3=0%3=\!L.T.\!ca3,1153\!+.C.!

-DD:.!<#'2!=#66'&'32#,2#53!#3!7504)5&7I#9!S&92#9!9I,&&!V3!TI#3$G,00,G,23\!

V9'0,3=.!N<*5'&3<*?=0#<!>-f!:-O?;.!

C9+I,#0\!c.<.!-DKE.!N9505$4!,3=!'G50%2#53!56!14)7,2&#9!12#9@0'*,9@1!Z2")6%10)6%()[f!

)5&7I505$#9,0!,3=!$'3'2#9!'G#='39'!65&!,!17'9#'1!7,#&!#3!N351!B,@'\!H&#2#1I!

/50%)*#,.!/,3.!c.!j550.!>:f!-EU:!g!-EUK.!
Nelder, J. A. and Mead, R. (1965) A simplex algorithm for function minimization. 

Computer Journal 7, 308–313. 

('%*'&2\!C.A.\!H0%)'31I#3'\!R/.\!<%70#1',\!<.N.\!c531153\!T.!,3=!F,1I0'#$I\!H.!:UUU.!

H5=4!1#M'!,3=!655=!J'*!12&%92%&'f!2'12#3$!2I'!'W%#7&5*,*#0#24!,11%)72#53!56!2I'!

9,19,='!)5='0.!L'9505$#,!-:?f!:E-!g!:;-.!

+,&1531\!`.c.\!RI''21\!_.<.\!R@d0,153\!R.\!,3=!"'&$%153\!C.C.!:U--.!+I'35247#9!70,12#9#24\!

I'2'&59I&534\!,3=!5325$'3'2#9!&'7,22'&3#3$!=%&#3$!^%G'3#0'!='G'057)'32!56!

=#G'&$'32!S&92#9!9I,&&!Z!"#$%#&'()*"#+&'()[.!c.!NG50.!H#50.!:Ef!->EU!g!->;:.!
Robinson, B.W.,  and Wilson, D.S. 1994. Character release and displacement in fishes: a 

neglected literature. Am. Nat. 144: 596 – 627. 

F5I06\!".c.!:UUE.!TI#3O70,2'O170#3'!1562J,&'!6&''04!,G,#0,*0'!,2!

I227fee0#6'.*#5.1%341*.'=%e)5&7Ie!

R,3=0%3=\!L.T.\!A%33,&153\!`.\!ca3,1153\!+.C.\!ca31153\!H.\!B#3=')\!T.\!C,$3%1153\!`.+.\!

C,0)W%#12\!_.c.\!R#$%&^a31=a22#&\!_.\!R@d0,153\!R.\!,3=!R35&&,153\!R.R.!-DD:.!TI'!

S&92#9!9I,&&!!"#$%#&'()*"#+&'()!#3!TI#3$G,00,G,23.!P&I0)!>Ef!?U;O?;-.!

R9I#3=0'&\!<.N.\!,3=!R9I'%&'00\!C.<.!:UU:.!_,*#2,2!95%70#3$!#3!0,@'!'951412')1.!L#@51!

DKf!-QQO-KD.!

R9I#3=0'&\!<.N.\!R.F.!/,&7'32'&\!c.c.!/50'\!c.".!`#29I'00!,3=!C.!+,9'.!-DDQ.!V360%'39'!56!655=!

J'*!12&%92%&'!53!9,&*53!'89I,3$'!*'2J''3!0,@'1!,3=!2I'!,2)517I'&'.!R9#'39'!

:QQf!:EKO:;U.!

R9I#3=0'&\!<.Y.\!,3=!R)50\!c.+.\!:UU>.!/%)%0,2#G'!'66'921!56!90#),2'!J,&)#3$!,3=!52I'&!

I%),3!,92#G#2#'1!53!6&'1IJ,2'&1!56!S&92#9!,3=!1%*,&92#9!(5&2I!S)'&#9,.!S)*#5!

?;f!->U!g!->K.!

R9I0%2'&\!<.!-DD?.!S=,72#G'!&,=#,2#53!#3!12#9@0'*,9@1f!1#M'\!1I,7'!,3=!I,*#2,2!%1'!

'66#9#'394.!N9505$4!QEf!>DD!g!QUD.!

R9I0%2'&\!<.!-DD>.!N9505$#9,0!17'9#,2#53!#3!7512$0,9#,0!6#1I'1.!+I#0.!T&,31.!F.!R59.!B53=.!H*

?;-f!KUQOK-E.!

R#$%&12'#31=a22#&\!F.c.\!,3=!`&#12^u31153\!H.`.!:UU;.!+,&,00'0!'G50%2#53\!352!,0J,41!15!

7,&,00'0f!95)7,&#153!56!1),00!*'32I#9!9I,&&\!!"#$%#&'()*"#+&'()\!6&5)!A&#)13'1!
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,3=!TI#3$G,00,G,23\!V9'0,3=.!?'$&10'<*A&0#<*O&)-%)!QEf!:?DO:EE.!

R@d0,153\!R.\!,3=!R)#2I\!T.H.!-DD;.!F'15%&9'!7504)5&7I#1)1!#3!G'&2'*&,2'1.!S8??!-Uf!

?>>O?QU.!

R@d0,153\!R.\!R35&&,153\!R.R.\!,3=!ca31153\!H.!-DDD.!R4)7,2&#9!)5&7I1\!757%0,2#531!,3=!

17'9#,2#53!#3!6&'1IJ,2'&!6#1I!J#2I!')7I,1#1!53!,&92#9!9I,&&.!77.!QUOD:!V3!

NG50%2#53!56!H#505$#9,0!<#G'&1#24\!'=1.!S.N.!C,$%&&,3!i!F.C.!C,4.!

R)#2I\!T.H.\!,3=!R@d0,153\!R.!-DD>.!NG50%2#53,&4!1#$3#6#9,39'!56!&'15%&9'!

7504)5&7I#1)1!#3!6#1I'1\!,)7I#*#,31\!,3=!*#&=1.!S33.!F'G.!N950.!R412').!:Qf!

---!g!-??.!

R35&&,153\!R.R.\!,3=!R@d0,153\!R.\!:UUE.!S=,72#G'!R7'9#,2#53!#3!35&2I'&3!6&'1IJ,2,'&!

6#1I'1.!V3f!S=,72#G'!R7'9#,2#53\!'=1.!<#'9@),33\!X.\!<5'*'0#\!C.\!C'2M\!c.S.c.\!i!

T,%2M\!<.!77.!:-UO::K.!/,)*&#=$'!X3#G'&1#24!+&'11.!

R35&&,153\!R.R.\!R@d0,153\!R.\!ca31153\!H.\!C,0)W%#12\!_.c.\!ca3,1153\!+.C.\!R,3=0%3=\!L.T.\!

,3=!B#3=')\!T.!-DDE.!T&57I#9!17'9#,0#M,2#53!#3!S&92#9!9I,&&!!"#$%#&'()*"#+&'()*

Z+#19'1l!R,0)53#=,'[f!)5&7I505$#9,0!=#G'&$'39'!,3=!5325$'3'2#9!3#9I'!1I#621.!

H#50.!c.!B#33.!R59.!;:f!-O-K.!

R2'6u31153\!A.!-DD>.!S3,041#1!56!$&5%3=6#1I!1%&G'4!,*%3=,39'!=,2,f!/5)*#3#3$!2I'!

ABC!,3=!='02,!,77&5,9I'1.!R,?!*N<*>"1<*!=&<!;?f!;QQO;KK.!

R2'6u31153\!A.\!,3=!+u01153\!�.!-DDQ.!R2,2#12#9,0!'G,0%,2#53!,3=!)5='00#3$!56!2I'!

125),9I!9532'321!56!V9'0,3=#9!95=!Z2"/()*301-("[.!/,3.!c.!"#1I.!SW%,2.!R9#.!;Ef!

->DO-K-.!

P,3='&!j,3='3\!C.c.\!,3=!"'2M'&\!Y.Y.!:UUQ.!A05*,0!7,22'&31!56!,W%,2#9!655=!9I,#3!

0'3$2I.!L#@51!-->f!-?QKO-?KK.!

P,33#\!C.c.!:UU:.!(%2&#'32!9490#3$!*4!,3#),01!#3!6&'1IJ,2'&!'951412')1.!S33.!F'G.!N950.!

R412.!??f?E-O?QU.!

Y,0@'&\!c.S.!-DDQ.!N9505$#9,0!)5&7I505$4!56!0,9%12&#3'!2I&''17#3'!12#9@0'*,9@!

2")6%10)6%()*"=(#%"6()*B.!ZA,12'&512'#=,'[!*5=4!1I,7'.!A&0#<*N<*4&''<*!0=<*>-f!?!g!

;U.!

Y'**\!+.Y.!-DKE.!H5=4!65&)\!0595)52#53!,3=!65&,$#3$!#3!,W%,2#9!G'&2'*&,2'1.!S).!

j550.!:Ef!-UQ!g!-:U.!

Y'**\!+.Y.!-DK>.!N66'92!56!*5=4!65&)!,3=!&'17531'!2I&'1I50=!53!2I'!G%03'&,*#0#24!56!

65%&!17'9#'1!56!2'0'512!7&'4!,22,9@'=!*4!0,&$')5%2I!*,11!Z>&=10+6%1()*

)"#30&/%)[.!/,3.!c.!"#1I.!SW%,2.!R9#.!E?f!Q>?!g!QQ-.!

q='3*'&$\!F./.\!H&5J3\!c.R.\!,3=!R2'7I'31\!<.Y.!:UUQ.!"5&,$#3$f!,3!5G'&G#'J.!V3f!

O01":&':*A%-"$&01*"'/*?=0#0:.<!R2'7I'31\!<.Y.\!H&5J3\!c.R.\!,3=!q='3*'&$\!F./.\!

'=1.!X3#G'&1#24!56!/I#9,$5!+&'11\!/I#9,$5.!>UK!77.!
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)?@A4;5&M0&L;4519=&<65&7;4;9413R&A?;364EA19&A6DEF65A?1=F&

@37&9655;D@4163=&S14?&4?;&D@G;&;321563F;34&13&"59419&9?@55&

+@D2;D138=&@DA138=&@956==&,9;D@37&

M0I&"C=45@94&

! +I'35247#9!7504)5&7I#1)!#1!2I'!599%&&'39'!56!)%02#70'!=#19&'2'!65&)1!2I,2!9,3!

*'!=#12#3$%#1I'=!*4!53'!5&!)5&'!7I'35247#9!,22&#*%2'1\!*%2!I,G'!35!*,&&#'&!25!

7I41#9,004!1'7,&,2'!2I').!+,12!12%=#'1!56!7I'35247#9!7504)5&7I#1)!I,G'!247#9,004!

#3G'12#$,2'=!7,&2#9%0,&!9,1'!12%=#'1!#3!='2,#0l!I5J'G'&\!2I#1!12%=4!,#)1!25!95)7,&'!

7,22'&31!56!7I'35247#9!7504)5&7I#1)!,)53$!12%=4!1412')1.!/&511O1412')!

95)7,&#1531!,&'!3'9'11,&4!65&!%3='&12,3=#3$!2I'!&50'!56!#32&,17'9#6#9!=#G'&1#24!#3!,3!

'951412')!9532'82\!,1!J'00!,1!JI,2!'3G#&53)'32,0!953=#2#531!I,G'!0'=!25!

7504)5&7I#1).!/5)7,&,2#G'!12%=#'1!I,G'!*''3!I,)7'&'=!*4!2I'!G,&#'24!56!)'2I5=1!

%1'=!25!=59%)'32!7504)5&7I#1)\!,3=!2I'&'65&'\!2I'!=',&2I!56!12,3=,&=!)'2&#91!J#2I!

JI#9I!25!95)7,&'!1412')1.!TI'!6#&12!$5,0!56!2I#1!12%=4!J,1!25!,7704!2J5!)'2I5=1!*4!

JI#9I!7504)5&7I#1)!),4!*'!#='32#6#'=\!%1#3$!V9'0,3=#9!S&92#9!9I,&&!!"#$%#&'()*"#+&'()!

,1!2I'!12%=4!1412').!S&92#9!9I,&&!,&'!'82&')'04!=#G'&1'!#3!)5&7I505$4\!'9505$4\!

$&5J2I\!,3=!&'7&5=%92#G'!9I,&,92'&#12#91!*52I!J#2I#3!,3=!,)53$!0,@'1\!,3=!,&'!

'17'9#,004!=#G'&1'!#3!V9'0,3=.!TI'!2J5!)'2I5=1!%1'!)#82%&'!)5='01!25!='2'92!&'15%&9'!

7504)5&7I#1)!*4!-[!2'12#3$!65&!2I'!7&'1'39'!56!)%02#70'!P53!H'&2,0,3664!$&5J2I!

9%&G'1\!,3=!:[!2'12#3$!65&!*#)5=,0#24!#3!)%02#G,&#,2'!)5&7I505$4.!TI'!12%=4]1!1'953=!

$5,0!J,1!25!#='32#64!953=#2#531!%3='&!JI#9I!&'15%&9'!7504)5&7I#1)!#1!)512!0#@'04!25!

599%&!%1#3$!&,3=5)!65&'12!,3=!)%02#70'!&'$&'11#53!)5='01.!N9505$#9,0!95&&'0,2#531!

#3=#9,2'=!2I,2!#3!V9'0,3=\!7504)5&7I#9!757%0,2#531!2'3=!25!599%&!#3!=''7!0,@'1!,2!
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I#$I'&!'0'G,2#531!,3=!J#2I!05J!3%2&#'32!9539'32&,2#531\!I#$I'&!M5570,3@253!

9531%)72#53\!,3=!6'J!*&5J3!2&5%2\!!"#30*61(66".!V2!,77',&'=!2I,2!$&',2'&!3%2&#'32!

#37%2!#325!0,@'1!G#,!0''9I#3$!6&5)!1%&&5%3=#3$!2'&&'12&#,0!G'$'2,2#53!J,1!3'9'11,&4!65&!

)5&'!'82&')'!9,1'1!=#66'&'32#,2#53!25!599%&.!TI'1'!95&&'0,2#531!1%775&2'=!2I'!#=',1!

2I,2!)5&'!#150,2'=!&'$#531!J#2I!$&',2'&!0#)3'2#9!I,*#2,2!,G,#0,*#0#24!,3=!I#$I!

#32&,17'9#6#9!95)7'2#2#53!7&5)52'=!7I'35247#9!7504)5&7I#1).!TI#1!7,22'&3!#1!

7&'=#92'=!6&5)!2I'!2I'5&4!2I,2!6&'W%'394O='7'3='32!1'0'92#53!#1!,!),#3!=&#G#3$!65&9'!

*'I#3=!=#66'&'32#,2#53.!V3!,==#2#53\!953=#2#531!*'453=!2I'!0,@'!Z#.'.\!56!2I'!1%&&5%3=#3$!

J,2'&1I'=[!,77',&!25!,66'92!'G50%2#53,&4!7&59'11'1!56!0,@'!6,%3,.!L%&!)'2I5=1!65&!

='2'92#3$!7504)5&7I#1)!,&'!*&5,=04!,770#9,*0'!,3=!9,3!*'!%1'=!JI'3'G'&!3''=#3$!25!

='6#3'!,3=!)',1%&'!05J!0'G'01!56!7I'35247#9!5&!'9505$#9,0!=#G'&1#24.!

M0:&,34567894163&

/531'&G,2#53!56!*#505$#9,0!=#G'&1#24!#1!95))5304!^%12#6#'=!*'453=!#21!,'12I'2#9!

G,0%'!Zc'7153!i!/,33'4!:UU?[!,1!#2!9,3!'3I,39'!'951412')!6%392#53#3$!Z/,&=#3,0'!'2!

,0.!:UU>[.!_5J'G'&\!0#220'!')7I,1#1!#1!2&,=#2#53,004!70,9'=!53!2I'!#)75&2,39'!56!

#32&,17'9#6#9!=#G'&1#24\!1%9I!,1!7I'35247#9!7504)5&7I#1)\!'G'3!2I5%$I!#2!9,3!I,G'!

#)75&2,32!9531'W%'39'1!53!6%392#53,0!,22&#*%2'1!56!'951412')1!Z_,&)53!'2!,0.!:UUD[.!

+I'35247#9!7504)5&7I#1)!#1!9I,&,92'&#M'=!*4!2I'!599%&&'39'!56!=#19&'2'!65&)1!J#2I#3!

,!757%0,2#53!2I,2!=#66'&!*4!53'!5&!)5&'!7I'35247#9!,22&#*%2'1\!4'2!,&'!352!I#3='&'=!*4!

7I41#9,0!5&!$'5$&,7I#9!*,&&#'&1.!H'9,%1'!2I'!12&'3$2I!56!2I#1!7I'35247#9!

7504)5&7I#1)!),4!G,&4!53!,!9532#3%%)!6&5)!G,$%'!'9505$#9,0!=#66'&'39'1!25!

7I'35247#9!=#66'&'32#,2#53!12&53$!'35%$I!25!J,&&,32!17'9#'1!12,2%1\!2I#1!9539'72!I,1!

*''3!'82&')'04!#)75&2,32!#3!2I'!='G'057)'32!56!'9505$#9,0!17'9#,2#53!2I'5&4!ZR9I0%2'&!

'2!,0.!-DD>[.!_5J'G'&\!7504)5&7I#1)!,015!,77',&1!95312&,#3'=!25!9'&2,#3!2,8,!,3=!
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1#2%,2#531!Z'.$.\!7512O$0,9#,0!2')7'&,2'!6&'1IJ,2'&!6#1I'1\!1'31%!R9I0%2'&!-DD>l!

F5*#3153!i!Y#0153!-DDEl!R@d0,153!i!R)#2I!-DD;l!R)#2I!i!R@d0,153!-DD>[.!F'$#53,0!

95)7,&#1531!,&'!2I'&'65&'!%&$'32!25!$,#3!,!*'22'&!%3='&12,3=#3$!56!-[!2I'!

'G50%2#53,&4!#)70#9,2#531!56!I5J!2I#1!=#G'&1#24!,&#1'1\!,3=!:[!2I'!'9505$#9,0!5&!

9531'&G,2#53!#)70#9,2#531!56!I5J!2I#1!65&)!56!=#G'&1#24!9,3!,66'92!'951412')1.!!

! V3!,34!12%=4\!2&,='O5661!'8#12!*'2J''3!I5J!)%9I!659%1!9,3!*'!70,9'=!53!-[!

='2,#0#3$!2I'!#=#51439&,1#'1!56!,!7,&2#9%0,&!,22&#*%2'!G'&1%1!:[!95)7,&#3$!,!$'3'&,0!

,17'92!56!2I,2!,22&#*%2'!,9&511!),34!1412')1.!V3!12%=4#3$!7I'35247#9!7504)5&7I#1)\!

I'&',62'&!&'6'&&'=!25!,1!7504)5&7I#1)\!2I'!65&)'&!247'!56!12%=4!I,1!7&'G,#0'=\!

4#'0=#3$!,!1'&#'1!56!9,1'!12%=#'1!2I,2!,&'!*#,1'=!25J,&=!I#$I04!=#66'&'32#,2'=!,22&#*%2'1!

,3=!0,9@!95I'&'39'!,9&511!12%=#'1.!/&511O1412')!95)7,&#1531!J5%0=!4#'0=!,!)5&'!

*,0,39'=!G#'J\!4'2!,&'!&,&'!Z*%2!1''!A&#66#2I1!-DDE\!B,3=&4!'2!,0.!:UUQ\!R#J'&21153!'2!,0.!

:U-U[\!752'32#,004!=%'!25!2I'!7&5*0')!2I,2!95))53!)'2&#91!6#&12!3''=!25!*'!='6#3'=.!

! TI'!,G,#0,*#0#24!56!*#505$#9,0!,3=!0#)3505$#9,0!=,2,!6&5)!,!J#='!=#G'&1#24!56!n;U!

0,@'1!65%3=!J#2I#3!2I'!N9505$#9,0!R%&G'4!56!V9'0,3=#9!B,@'1!ZNRVB[!=,2,*,1'!4#'0='=!,!

&,&'!5775&2%3#24!#3!JI#9I!#32&,17'9#6#9!=#G'&1#24!56!2I'!1,0)53#=!6#1I!S&92#9!9I,&&!

!"#$%#&'()*"#+&'()!95%0=!*'!95)7,&'=!,9&511!$'5$&,7I#9,004!,3=!'3G#&53)'32,004!

*&5,=!953=#2#531.!S&92#9!9I,&&!'8I#*#2!&'15%&9'!7504)5&7I#1)\!='6#3'=!,1!2I'!7&'1'39'!

56!7I'35247#9!7504)5&7I#1)!2I,2!#1!,1159#,2'=!J#2I!=#66'&'39'1!#3!&'15%&9'!5&!I,*#2,2!

%1'!ZR@d0,153!i!R)#2I!-DD;l!R)#2I!i!R@d0,153!-DD>[.!TI'!2'&)!#1!%1'=!*&5,=04!,9&511!

),34!2,8,!,3=!12%=4!1412')1\!#3=#9,2#3$!2I,2!2I'!*5%3=,&#'1!%1'=!25!='6#3'!&'15%&9'!

7504)5&7I#1)!G,&4\!'G'3!J#2I#3!2I'!1,)'!17'9#'1!Zc531153!i!c531153!:UU-[.!"5&!

'8,)70'\!=#66'&'39'1!*'2J''3!14)7,2&#9!65&)1!56!S&92#9!9I,&&!),4!#390%='!

=#66'&'32#,2#53!#3!$&5J2I!&,2'1!,3=!),2%&#24!ZA&#66#2I1!-DDEl!`0')'21'3!:U-U[\!
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JI'&',1!52I'&1!),4!5304!=#66'&!#3!)5&7I505$4!,3=!=#'2!Zca31153!i!R@d0,153!:UUUl!

S=,)1!'2!,0.!:UUQ[\!5&!&'7&5=%92#G'!,3=!',&04!0#6'!I#125&4!9I,&,92'&#12#91!ZR@d0,153!'2!

,0.!-DKDl!R@d0,153!'2!,0.!-DD>l!S=,)1!'2!,0.!:UU>[.!!!

! TI'!6#&12!$5,0!56!2I#1!12%=4!J,1!25!='G'057!12,3=,&=!)'2I5=1!*4!JI#9I!

757%0,2#531!9,3!*'!='6#3'=!,1!7504)5&7I#9\!)535)5&7I#9\!5&!15)'!#32'&)'=#,2'!

12,2%1.!T5!,11'11!5%&!)'2I5=\!J'!95)7,&'=!5%&!,*#0#24!25!='2'92!7504)5&7I#1)!25!

7%*0#1I'=!&'75&21!=59%)'32#3$!7I'35247#9!,3=!$'3'2#9!=#66'&'39'1!Zca31153!i!

R@d0,153!:UUUl!ca31153!:UU:l!ca31153!i!C,0)W%#12!:UU:l!Y#0153!'2!,0.!:UUE[!,3=!

'87'&2!@35J0'=$'!)51204!*,1'=!53!5*1'&G,2#531!56!#3=#G#=%,01!),2%&#3$!,2!*52I!1),00!

,3=!0,&$'!1#M'1!J#2I#3!,!757%0,2#53.!TI'!1'953=!$5,0!J,1!25!7&'=#92!2I'1'!)'2&#91!56!

7504)5&7I#1)!J#2I!'9505$#9,0!=,2,!25!2'12!I4752I'1'1!&'$,&=#3$!2I'!'12,*0#1I)'32!

,3=!),#32'3,39'!56!7504)5&7I#1).!!

37+0->%)%)*6%:"6?&':*->%*06&:&'*05*6%)0(6.%*+0#7206+>&)2*

F'15%&9'!7504)5&7I#1)!#1!)512!1#)704!5*1'&G'=!,1!*#)5=,0#24!#3!,!2&,#2.!V3!

$'3'&,0\!6&'W%'394O='7'3='32!1'0'92#53!#1!2I5%$I2!25!*'!2I'!7&#),&4!'G50%2#53,&4!

6,925&1!0',=#3$!25!*#)5=,0#24!ZG,3!P,0'3!-D>;\!<#'9@),33!'2!,0.!:UUE[.!"5&!'8,)70'\!

&'15%&9'!7504)5&7I#1)!),4!,&#1'!JI'3!,!1#3$0'!757%0,2#53!#39&',1'1!#3!='31#24\!,62'&!

JI#9I!#32&,17'9#6#9!95)7'2#2#53!65&!,!7&'6'&,*0'!&'15%&9'!#39&',1'1!=%'!25!='9&',1#3$!

7'&!9,7#2,!,G,#0,*#0#24!56!2I'!&'15%&9'.!S2!15)'!9&#2#9,0!75#32\!#2!*'95)'1!*'3'6#9#,0!25!

*'!'66#9#'32!,2!5*2,#3#3$!0'11!7&'6'&,*0'!*%2!)5&'!,*%3=,32!&'15%&9'1\!,3=!1'0'92#53!

*'95)'1!=#1&%72#G'!53!7I'35247#9!,22&#*%2'1!,1159#,2'=!J#2I!65&,$#3$!ZR@d0,153!i!

R)#2I!-DD;[.!TI'!&'0,2#G'!6#23'11!56!,!)5&7I505$#9,0!9I,&,92'&#12#9!2I'&'65&'!='7'3=1!

53!#21!6&'W%'394!#3!&'0,2#53!25!,02'&3,2#G'!)5&7I505$#9,0!9I,&,92'&#12#91\!&'1%02#3$!#3!

12,*0'!6&'W%'394O)'=#,2'=!1'0'92#53!Z<#'9@),33!'2!,0.!:UUE[.!!
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 However, frequency dependence is not the only explanation for observing 

bimodality in a population. For example, predation risk can promote differential habitat use, 

leading to divergent selection in small-bodied fish species (Abrams 2000; Rundle, Vamosi 

& Schluter 2003; Vamosi & Schluter 2002; Doucette, Skúlason and Snorrason 2004; 

Langerhans et al. 2004). Predation has also been suggested as a mechanism promoting size 

divergence of Arctic charr due to the abilities of small benthic forms to hide among 

substrate (Snorrason and Skúlason 2004) or the abilities of cannibalistic individuals to reach 

large sizes (Griffiths 1994). Although frequency dependence is difficult to measure, 

empirical studies have shown that high population densities lead to wider resource use 

(Svanbäck & Persson 2004), intraspecific competition can indeed lead to morphological 

divergence (Schluter 1994; Bolnick 2004; Svanbäck & Bolnick 2007), frequency-dependent 

selection can be detected in a polymorphic system (Schluter 2003), and population stability 

promotes divergent selection (Andersson et al. 2007). In addition, divergence is thought to 

occur under ecological conditions that promote frequency-dependent selection by yielding 

high niche availability (Knudsen et al. 2006). We therefore hypothesize that polymorphism 

should be more frequent under the following conditions: 

-. _#$I'&!#32&,17'9#6#9!95)7'2#2#53!#1!3'9'11,&4!25!9,%1'!2I'!6&'W%'394O='7'3='32!

1'0'92#53!2I,2!0',=1!25!*#)5=,0#24!ZR9I0%2'&!-DDEl!H503#9@!:UUEl!RG,3*�9@!i!

H503#9@!:UUQ\!<#'9@),33!'2!,0.!:UUE[!,3=!95%0=!*'!='2'92'=!#3!2I&''!J,41f!
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M0K&L;4?67=&

1&0#0:&."#*"--6&4(-%)*05*;6.-&.*.>"66*

 Two types of phenotypic attributes of Arctic charr were analyzed for this study: 

length-at-age and morphology. Fish were sampled once per lake sometime during the 

months August – September during 1992 – 2004 as part of the Ecological Survey of 

Icelandic Lakes (ESIL). In each lake, 11 (22 for lakes >10 km
2
) single-mesh, single-strand 

nylon gill nets (Lundgren series) were set in the littoral zone from ~2 m depth outwards 

perpendicular to shore and left overnight for 12 hours. Gill nets were 25 m x 1.5 m with the 

mesh sizes 10, 12.5, 15.5, 19.5, 21.5, 24.0, 29.0, 35.0, 43.0, 55.0, and 60.0 mm, knot to 

knot. For Arctic charr caught, photographs were taken, fork length was measured to the 

nearest 0.5 cm, and otoliths were removed from a subsample of up to 100 individuals for 

age determination. Otoliths were cleaned with a solution of methyl salicylate and annual 

growth rings were counted under a dissecting microscope. In total, 51 lakes were included 

in age and morphological analyses (Table 3.1). 
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Morphological variables were derived from scanned images using a geometric 

morphometric approach in TPS software (TPSDig V. 2.1, TPSUtil V. 1.40, TPSRel V. 2.4, 

Rohlf, 2004, life.bio.sunysb.edumorph). Eighteen landmarks and 6 sliding landmarks were 

placed at homologous locations on images of each fish (Chapter 2, Fig 2.1). Sliding 

landmarks are defined in one direction, but are allowed to slide in the other direction 

between the two adjacent landmarks. For example, the sliding landmark placed on the 

anterior edge of the adipose fin may slide between the posterior dorsal fin landmark and 

posterior adipose fin landmark, but is fixed in the direction perpendicular to these adjacent 

landmarks (Chapter 2, Fig 2.1). Landmark configurations were unbent to remove the mean 

curve in fish bodies (although not its variability), aligned, rotated, and scaled to form a 

generalized orthogonal least-squares Procrustes average configuration. Partial warp scores 
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for each individual were formed by comparing the relative departure in configuration of 

individuals from the average configuration, and analyzed with a relative warp analysis, 

which is analogous to a principal component analysis and results in scores on orthogonal 

relative warp axes for each individual (Bookstein 1991; Rohlf et al. 2004). The first three 

relative warps were used as morphological variables (m1, m2, m3). 

,%-%.-&':*+0#7206+>&)2**

 In extreme cases, polymorphism may show clearly distinct growth curves or 

morphologies, but in other cases, it may be difficult to distinguish between different 

phenotypes. Therefore we sought objective criteria by which broad variability in biological 

attributes could be distinguished from the presence of overlapping groups. To do this, we 

first collected expert knowledge from published reports and ESIL survey data (Jónsson & 

Skúlason 2000; Jónsson & Malmquist 2002; Wilson et al. 2004) that indicate the presence 

of forms that appear morphologically different or grow to and mature at small sizes (~15 

cm) in the presence of larger Arctic charr (Table 3.1). This knowledge was used as a 

baseline with which to compare results gained from the fitting of mixture models to Arctic 

charr biological attributes. Statistical evidence for the presence of polymorphism was then 

evaluated as the model with the lowest AICc among 1) a growth curve model containing 

either 1, 2 or 3 Von Bertalanffy growth functions, and 2) monomodal, bimodal, and 

trimodal multivariate normal distributions fit to bivariate morphology data. 

 To perform the first test among growth curve models, a model with only a single 

Von Bertalanffy (VB) growth function (Eq. 1) was first fit as:  

         Eq 1 

where length (µ) was predicted using a = age data, L! = asymptotic length parameter, and " 

= curvature parameter. Normal errors were assumed (i.e., ! ~ N(µ, #)), so the sum of the 

!

! 

µ = L"(1# e
#$a
)
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negative log likelihoods from a normal probability density function was minimized to 

estimate the three parameters (L!, ", #). Two separate VB functions were then fit to the data 

by minimizing the negative log of a likelihood function based on a mixture distribution of 

two normal density functions: 

     Eq 2 

where µ1 and #1 are parameters defining first normal distribution in the mixture, µ2 and #2 

are parameters defining the second normal distribution, and p is the proportion that the first 

distribution contributes to the mixture. In this case, µ1 and µ2 in Eq. 2 are defined by two 

separate VB functions, each with a set of parameters (L!, "). The likelihood of a single data 

point is therefore a mixture of the likelihoods that it came from each distribution, and this 

model represents the situation in which multiple morphs coexist within a population. 

Assignment of individual data points to one or the other growth curve can then be made by 

calculating what proportion of that individual's likelihood was attributable to each growth 

curve and assigning the individual to the growth curve with the maximal proportion. This 

model was then extended to fit 3 growth curves: 

  Eq 3 

where p2 refers to the proportion that the second distribution contributed to the mixture, and 

µ3 and #3 are parameters for the third normal distribution as defined by the fit of a third VB 

function.  

 Polymorphism in morphology was detected within each lake by assuming 

multivariate normal error for morphology (i.e., ! ~ MVN(µ, E)) where µ is a vector of 

morphological variable means (e.g., µ = (
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their dimensions depend on the number of morphological variables included. Multivariate 

normal distributions were chosen because preliminary analyses indicated that univariate 

distributions of morphological variables were close to normal, with some possibly 

informative deviations in some lakes. A unimodal model of morphology was fit simply by 

estimating these parameters within MVN(µ, E), whereas a bimodal model was fit by 

estimating a mixture model of multiple multivariate normal distributions. For a bimodal 

mixture model, the parameters included were two separate vectors of means (µ), 2 

covariance matrices (E), and a proportional contribution p of the first multivariate 

distribution (i.e., the same as Eq. 2 except univariate density functions are extended to be 

multivariate density functions). Trimodality in morphology was fitted using a mixture 

model of three multivariate normal distributions (i.e., 3 separate vectors of means (µ), 3 

covariance matrices (E), and 2 proportional contributions p1 and p2 of the first and second 

multivariate distributions respectively, similar to Eq. 3).  

 Especially for morphological models with 2 or 3 components, model overfitting was 

a risk, particularly with relatively small available samples (Table 3.1). Therefore, the best-

fit model was chosen among models with 1, 2 and 3 components (K) as the one with the 

lowest Akaike's Information Criterion corrected for small sample sizes (AICc). Preliminary 

analyses indicated that fitting morphological models with all three variables included (i.e., 

trivariate distributions) always resulted in unimodal distributions, so three possible bivariate 

combinations of morphological variables were used instead (i.e., m1 and m2, m2 and m3, m1 

and m3). Although univariate tests are also possible, bivariate tests were preferred so that 

any within-component covariance of morphological traits could be estimated, as these may 

reflect biologically important distinctions between morphs. This allows for differences 

between component distributions to be more accurately visualized. These tests are not 
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independent, however; results are only used from the tests with the greatest Differentiation 

(see below). The package mixtools v. 0.4.4 in R statistical software v. 2.13.0 was used to fit 

unimodal multivariate normal distributions and finite mixtures of multivariate normal 

distributions with an EM algorithm (Benaglia et al. 2009); all other analyses were 

performed using base packages (R Development Core Team 2011). 

 Fitted distributions with highly uneven numbers of members (i.e., one distribution 

with very few members) tended to yield higher likelihoods than more even distributions. 

Because we found this result less biologically informative than more evenly defined 

distributions, starting values of morphological models were randomly chosen 30 times and 

we retained the model that minimized the corrected Aikaike's Information Criterion (AICc) 

within the constraint of each group having more than five members. This five-member cut 

off was chosen because in results, most lakes categorized as polymorphic, but having a 

relatively small number of individuals assigned to one component (< 15), gained additional 

support from either expert knowledge or morphological tests, whereas none of the lakes 

with fewer than five individuals assigned to one component were likewise supported (see 

Results).  

="#.(#"-&':*?&55%6%'-&"-&0'*

 Only the presence of polymorphism was detected in the previous analysis, whereas 

strength of polymorphism could be reflected by the degree of overlap between the two 

forms. For morphology, this can be reflected using Effect Size ("
2
), which is calculated as 1 

– Wilks' # from a multivariate ANOVA using the component assignments as a categorical 

predictor. Because our growth curve analysis was based on a non-linear model, this 

ANOVA-related definition is inappropriate, however. We therefore describe below a metric 

of Differentiation (D) we define that is based on the same concept as Effect Size to use as 
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an indicator distinction among growth curves.  

For a categorical predictor of univariate data, Effect Size ("
2
) is normally calculated 

as the sum of squared errors due to treatments or groups (between-treatment error) divided 

by the total sum of squares. If the two-curve fit is taken to be the presence of a treatment, 

and a one-curve fit is taken to be the absence of treatment, then a measure similar to the 

ANOVA-based between-treatment error can be calculated in our study as the sum of the 

squared differences between individual predictions from the two-curve model and from the 

one-curve model. The total sum of squares was then taken as the sum of the squared 

residuals of the single-curve model, and the sum of squared between-curve differences was 

divided by this to yield D. However, unlike a true Effect Size, this value may exceed 1. 

Because predictions are necessary for calculating D, individuals were first assigned to the 

most likely growth curve using the proportions of likelihood attributable to each growth 

curve as described in the previous section. In analyses of morphology, assignments are 

based on “posterior” probabilities, an output from mixtools that uses the same method.  

The relative sensitivity of D values was then examined by comparing lakes that 1) 

were expected to be polymorphic according to expert knowledge and gained support from 

at least one of the two polymorphism tests, and 2) were not expected to be polymorphic and 

gained support from exactly one polymorphism test. We then chose a cut-off value for D to 

represent an appreciable degree of differentiation (D*) by simultaneously minimizing the 

number of lakes in first category with D < D* and maximizing the number of lakes in the 

second category with D < D*. However, because the calculation of D relies on assignments 

made by the first tests, D* is simply used for descriptive purposes, and original 

categorizations were used for further analysis. 
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  To test for support of hypotheses 1 – 3 listed in the Introduction, we predicted both 

our categorical and continuous measures of polymorphism using environmental variables 

taken or calculated from the ESIL database (see for details Malmquist et al. 2000; Karst-

Riddoch, Malmquist & Smol 2009; Woods et al. 2011). To predict the detection of either 

polymorphism or monomorphism, we first used random forest categorization models 

described below. However, preliminary analyses using random forest regression trees to 

predict Differentiation and Effect Size indicated little predictive ability, so multiple 

regressions were instead used with backward AICc selection on an initial model including 

all ecological predictor variables.    

Physical and chemical variables included mean depth (MD, m), pH (PH), altitude 

(ALT, m), surface temperature (ST, °C), conductivity (COND, $S / cm), alkalinity (ALK, 

meq / l), total phosphorus (TP, $g / l), total nitrogen (TN, $g / l), total organic carbon 

(TOC, mg / l), sulfate (SO4, mg / l), and silicon dioxide (SiO2, mg / l). To correct for skew, 

these variables were all log-transformed, except for SiO2 and SO4 which were square-root 

transformed.  

A variety of biotic predictors were also calculated from the ESIL database and 

previous studies (Woods et al. 2011). Arctic charr catch per unit effort (ACA, # per gillnet 

per hour) and brown trout catch per unit effort (BTA, # per gillnet per hour) were calculated 

from the gill net collection procedure described above. Atlantic salmon Salmo salar were 

rarely caught in lakes so were excluded from analyses. The presence of threespine 

stickleback Gasterosteus aculeatus was detected using minnow traps and was included as a 

binary factor (SP). A Shannon index of diversity for invertebrates collected from stones 

(SH) was calculated from littoral habitat invertebrate surveys from the ESIL project 
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(Malmquist et al. 2000). Fish abundances (BTA and ACA) were transformed by log(x + 1), 

but SH was normal and not transformed. Prey abundances from ESIL invertebrate surveys 

were calculated within prey categories defined by Woods et al. (2011). In that study, six 

categories of prey were defined and named by their most prominent taxon: limnetic 

cladocerans and copepods composed the Bosmina category (B), chironomid pupae and 

terrestrial insects composed the chironomid pupae category (C), snails and caddisfly larvae 

composed the snail category (S), tadpole shrimp and both limnetic and benthic copepods 

and cladocerans composed the tadpole shrimp category (T) and pea clams and chironomid 

larvae alongside worms and small crustaceans were major components of the pea clam 

category (P) (Woods et al. 2011). In ESIL surveys, invertebrates were collected and counted 

from the shallow (0.2 – 0.5 m), rocky, littoral habitat, the off-shore sediment habitat, and 

the pelagic habitat (see for details Malmquist et al. 2000; Karst-Riddoch, Malmquist & 

Smol 2009; Woods et al. 2011). Counts within each category were converted to biomass 

(mg) by multiplying a weight representative of the order of magnitude for each species and 

then summing within categories (see Woods et al. 2011 for details). Volumetric 

zooplankton densities were multiplied by mean depth to yield m
-2

 areal measures 

comparable to those of benthic invertebrates, and all were transformed by log(x + 1). 

Environmental data were not available for all lakes, so analyses were restricted to the 41 of 

the 51 lakes with complete data. 

Associations between the presence of polymorphism and environmental 

characteristics were investigated using a random forest model, which is a machine learning 

method that compares favorably to other methods for modeling classification data (Breiman 

2001; Prasad, Iverson & Liaw 2006). In this method, a random forest is “grown” by 

collecting a number of classification trees formed by fitting a classification tree to a 
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different bootstrap sample of the data. For each classification tree, a set of explanatory 

variables are tested to determine which one best splits the data into possible classes (i.e., 

lakes with monomorphic versus polymorphic charr populations) with the least number of 

misclassified data points. Each split leads to two nodes, with data points predicted to occur 

as a certain class within that node. Final classifications for each data point are then 

aggregated across individual trees to yield a collection of votes (1 per tree) for an overall 

prediction based on the proportion of votes from the forest. We chose to use bootstrapping 

without replacement to reduce bias in importance measures of explanatory variables (Strobl 

2007). The overall error rate of the model was calculated by forming predictions for the data 

that were not collected in the bootstrap sample (i.e., “out-of-bag” data), and calculating a 

misclassification rate over all data points (OOB error rate). Preliminary analyses of single 

classification trees indicated that the maximum number of explanatory variables within 

single trees is likely not to be high. Therefore, the maximum number of nodes was set to 8, 

and the number of trees grown was set to 100,000.  The package randomForest v. 4.6-2 

(Liaw & Wiener 2002) was used within the statistical software R v. 2.13.0 (R Development 

Core Team 2011).  

 Random forest models can detect effects even if they are non-linear or have complex 

interactions with other explanatory variables, but the flexibility of this framework may also 

lead to the incorporation of improper variables in over-parameterized models (Eustace, 

Pringle and Denham 2011). In a step-wise model reduction method (Diaz-Uriarte & Alvarez 

de Anderes 2006; Genuer, Poggi & Tuleau-Malot 2010; Sethi 2010), an initial model fit 

first included all explanatory variables, which were ordered according to importance using 

two measures: 1) Mean Decrease in Accuracy, measured by the decrease in OOB that 

occurs when that explanatory variable is replaced by a permutation of itself, and 2) a 
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decrease in node impurity as measured by the Gini Index, which characterizes the 

explanatory variable's ability to distinguish classes at a given split. The first directly relates 

to the following model selection criterion, whereas the second is more stable for small 

sample sizes (Breiman 2002; Liaw and Wiener 2002; Strobl et al. 2007). Explanatory 

variables were first ranked using both indices and listed by the greater of the two ranks. The 

least important explanatory variables were then successively deleted if their removal from 

the model did not reduce the OOB error rate.  

Because model results may change depending on 1) the number of explanatory 

variables subsampled, and 2) the threshold proportion of votes for prediction (e.g., default 

majority vote, 0.5), these were also varied. Thresholds were tested at 0.4, 0.5, and 0.6 of 

votes necessary for classification, whereas the subset size of explanatory variables was 

tested at each value 1 – 9. Our sample of 41 lakes is rather small for evaluating the model 

based on cross-validation methods beyond those provided by OOB, so we instead used a 

receiver operating characteristic (ROC) curve (Zou et al. 2007) of the fitted values to 

evaluate model performance with ROCR package v. 1.0-4 (Sing et al. 2005) in R statistical 

software. The area underneath ROC curves (AUC) reflects the trade-off in model 

performance between true positive and false positive classification: 0.5 reflects a model no 

better than chance whereas 1.0 reflects perfect correspondence between predictions and 

data. Partial dependence plots were used to show the marginal effect on classification 

probability of each explanatory variable retained in the reduced model.  

M0M&/;=8D4=&
1&0#0:&."#*"--6&4(-%)*05*;6.-&.*.>"66*

 In total, 2803 fish from 50 lakes with length-at-age data, 7 – 118 per lake, were 

included in growth curve analyses. For morphological analyses, 1879 were included from 
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50 lakes, 6 – 71 per lake. The first relative warp axis (m1) accounted for 24.2% the total 

variation and reflected bending around the abdominal section, as well as head depth and 

caudal peduncle length. Negative m1 scores also indicated expansion of the lower head, 

yielding a more upturned mouth, whereas positive m1 scores yielded an expansion of the 

upper head yielding a more downturned mouth. The second relative warp axis (m2) 

accounted for 15.6% of the total variation; individuals with positive scores had relatively 

larger heads and shorter bodies, especially in the caudal peduncle region. Negative scores 

indicated individuals with relatively smaller heads and longer bodies and caudal peduncles. 

The third relative warp (m3) accounted for 11.8% of the total variation. Individuals with 

negative scores had relatively smaller heads, shorter and deeper caudal peduncles, and deep 

bodies. Individuals with positive scores had longer heads, longer and narrow bodies, and 

narrower caudal peduncles (Chapter 2, Fig 2.1). 

,%-%.-&':*+0#7206+>&)2*"'?*."#.(#"-&':*?&55%6%'-&"-&0'*

 Only 17 populations were thought to be polymorphic according to expert 

knowledge, whereas this study led to 34 of 51 populations being classified as polymorphic. 

Twenty-six of those were supported with only length-at-age data, 1 was supported with only 

morphological data, and 7 were supported with both. Of the 33 lakes supported with length-

at-age data, a model with three growth curves had the best fit in 5 lakes, whereas 2 growth 

curves were best for the other 28 lakes. Eight lakes were supported with 2-component 

mixtures of morphological variables. Parameter values of final models can be found in 

Appendix 3 (Tables A3.1 – A3.2). Analyses of the relative sensitivity of D and Effect Size 

("
2
) indicated that values greater than approximately D* = 0.4 showed appreciable 

differentiation (Table 3.1, Fig 3.1 – 3.2). Only one lake below D* had both expert 

knowledge of polymorphism and support from polymorphism tests, whereas 5 lakes below 
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D* had no expert knowledge of polymorphism, yet were categorized by polymorphism by a 

single test (see Methods). Increasing D* beyond 0.45 led to greater numbers in the first 

case. 
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To analyze correspondence between ecology and the presence of polymorphism, we 

combined results from growth curve and morphology methods because there was a high 

correspondence between the two methods and only one lake was classified based on 

morphology alone. The random forest model performed best when the number of subset 

explanatory variables was set to 3. Seven explanatory variables were included in the best 

model (OOB error rate = 29.3%): BTA, ALT, SiO2, MD, SH, TP, and ACA (in order of 

Gini index). In this model, 5 / 15 monomorphic and 24 / 26 polymorphic lakes were 

correctly classified. Although some variables could be excluded without changing OOB or 
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misclassification rates, all were included according to the stepwise model selection 

procedure (Diaz-Uriarte & Alvarez de Anderes 2006; Genuer, Poggi & Tuleau-Malot 2010; 

Sethi 2010). The best threshold proportion of votes for prediction was found to be 0.6 and 

needed to remain within [0.58, 0.62] to maintain a low error rate. This model had generally 

low AUC of 0.628, indicating only moderate predictive ability.  

 

(1R85;&M0M0&Z@541@D&7;A;37;39;&AD64=&=?6S13R&F@5R13@D&;<<;94=&6<&;96D6R19@D&2@51@CD;=&63&
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BTA and ALT showed clear and opposing trends in partial dependence plots: 

polymorphic charr tended to occur in lakes with fewer brown trout and a higher altitude, 

indicating support for higher polymorphism in areas of low salmonid diversity (Hypothesis 
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1a). Many of the other variables showed non-linear trends or apparent thresholds (Fig 3.3): 

polymorphism was related to 1) higher SiO2 values, apparently as a threshold around mid-

values, 2) all but very high SH values, 3) high or low (but not medium) TP values, and 4) 

medium – high MD values. The higher SiO2 values and medium TP values indicated a 

possible correspondence with low nutrient concentrations. Because high SiO2 and low 

nutrient concentrations were conditions under which Icelandic Arctic charr were found to 

consume more zooplankton (Woods et al. 2011), this supports Hypotheses 2a. Hypothesis 

2c was directly supported in our study by medium – high MD values associated with 

polymorphism. A partial dependence plot from the second model showed that all but very 

low ACA values yielded high polymorphism probability, indicating support for Hypothesis 

1c.  

 To analyze correlations between degree of differentiation and ecological variables, 

the greater of Effect Size and D for each lake was used as an indicator. These were then 

log(x + 1) transformed and standardized to yield standard coefficients in the multiple 

regression, whose values can be directly compared as relative effect strengths. Only 21 

lakes classified as containing 2 morphs (K = 2) and having sufficient environmental data 

were included. Multiple regressions by AICc backward selection yielded a model with 

positive correlations of differentiation with BTA, ALT, MD, ACA, C, TOC, COND, and 

ALK, and negative correlations with B, TN, and PH. Residual deviance was 1.676 on 10 df 

and null deviance was 21.000 on 21 df, yielding a model that explained 92% of variation in 

the data. 
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 This study presented novel and useful methods for detecting phenotypic 

polymorphism at low levels, and then demonstrated their usefulness in comparing 

populations spanning a wide geographical range. This type of comparative study is rarely 

done (but see Griffiths 1994, Landry et al. 2007, Siwertsson et al. 2010), although it is 

imperative for gaining an understand the origins of biodiversity within an ecological 

context. Without pinpointing the early stages of speciation, it is impossible to study both 

how biodiversity proliferates and how it functions within surrounding ecosystems.  

=066%)+0'?%'.%*F&->*>7+0->%)%)*6%:"6?&':*->%*06&:&'*05*&'-6")+%.&5&.*?&$%6)&-7*

Hypotheses 1a and 1b are linked in a manner that would be difficult to disentangle 

under any natural circumstances: high altitude, recently deglaciated regions naturally have 

fewer species due to the more difficult circumstances for colonization: high variability (on 

geological time scales) and greater migration barriers (Bernatchez & Wilson 1998; 

Robinson & Schluter 2000, Griffiths 2006). In addition, monomorphic populations in lower 
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elevations may be constrained as such due to higher gene flow. Therefore, support for these 

two hypotheses generally refer to the same circumstance. Hypothesis 1c further supports 

these, because higher conspecific Arctic charr densities would be expected under low 

competitor density (i.e., less brown trout) (Langeland et al. 1991, Hesthagen et al. 1997, 

Jansen et al. 2002, Helland et al., 2011). However, Hypothesis 1c also provides a crucial 

link to the potential underlying mechanisms causing polymorphism: an increase in density 

with polymorphism would be expected under frequency-dependent selection, but not 

necessarily under divergence due to lower fitness at intermediate trait values, for example 

due to greater predation rates. This rules out the potential that polymorphism is most often 

related to predation pressure (Hypothesis 3). However, although Arctic charr exhibit very 

little cannibalism in Icelandic lakes during the summer (Chapter 1), there is still the 

possibility that predation pressure may increase during winter, and would not be detected by 

our test. 

 We also detected a dependence of polymorphism on limnetic food availability 

(Hypothesis 2, Skúlason, Snorrason & Jónsson 1999), which occurs at low nutrient 

concentrations (Woods et al. 2011), most likely as a result of high limnetic productivity 

(Siwertsson et al. 2010). The same pattern has been found in the differentiation of whitefish 

into zooplanktivorous forms (Siwertsson et al. 2010). Medium – large, although not the 

largest, lakes tended to have polymorphic populations, thereby corresponding directly with 

patterns found in stickleback (Bolnick & Lau 2008) and with the generally positive 

relationship with depth by Griffiths (1994). Again, similar results have been found for lake 

whitefish differentiation (Vonlanthen et al. 2009, Siwertsson et al. 2010).  

 Our study of the ecological correlations with Differentiation (i.e., polymorphic life 

histories) yielded results that correspond well with those listed above: the strongest effects 
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included positive correlations with Arctic charr abundance (ACA, Hypothesis 1c), density 

of chironomid pupae prey category (C, Hypothesis 2a), total organic carbon (TOC), and 

conductivity (COND), as well as negative correlations with limnetic cladoceran / copepod 

abundance (B, Hypothesis 2b), total nitrogen (TN, Hypothesis 2a), and pH. As discussed 

above, low nutrient levels have indicated high limnetic productivity under similar 

circumstances (Siwertsson et al. 2010). Likewise, consumption of copepods and 

cladocerans was correlated with low nutrient and high chironomid pupae availability by 

Woods et al. (2011, Hypothesis 2a), and the presence of zooplanktivorous whitefish forms 

has been associated with decreased zooplankton abundances (Hypothesis 2b, Landry et al. 

2007).  

Although none of our hypotheses directly address total organic carbon, conductivity, 

and pH, these are well-known to change with terrestrial vegetation: leaching from 

surrounding poorly drained heath or bogs causes increases in total organic carbon, higher 

conductivity and lower pH (Pienitz et al. 1997, Karst-Riddoch et al. 2009). Therefore, this 

secondary analysis, which reflects the degree of polymorphism rather than its presence, 

indicates that the more extreme expression of polymorphism may depend on increased 

absolute levels of nutrient loading via increased terrestrial vegetation. This runs counter to 

the trend found for the greater incidence of polymorphism at higher altitudes, since these 

are also characterized by lower terrestrial vegetation (LaPerriere et al. 2003). Therefore, to 

initiate polymorphism, some balance apparently needs to be struck between the 

prerequisites of 1) high enough zooplankton production (greater depth, high limnetic 

productivity, increased zooplankton consumption) and 2) low enough competition (higher 

altitudes, low competitor density). Following this step, differentiation appears to be 

enhanced by the attributes of higher nutrient loading from surrounding watersheds and high 
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chironomid production, perhaps via the availability of appropriate fine-grained sediment 

habitat in deep lakes with greater sedimentation rates. This pattern may indicate chironomid 

pupae as an important, stable resource in areas or during periods of low limnetic resources 

(Schindler & Scheuerell 2002). Therefore evolutionary potential of Arctic charr may be 

influenced not only be the lake environment, but by characteristics of the surrounding 

watershed. 

,%-%.-&':*+0#7206+>&)2*

The method presented here is effective at detecting bimodality and trimodality in 

growth rate and morphology. Thirteen of the 17 lakes expected to be polymorphic based on 

expert knowledge secured support as such from this analysis; those that did not gain support 

included Hvítárvatn, Vatnshlí%arvatn, Rey%arvatn, and Hafravatn (Table 3.1). Hafravatn 

likely had too small of a sample (N = 11) and was excluded from morphological analyses 

for this reason. The others may have had inadequate or not fully representative samples. For 

example, having too slight of an age range can easily reduce the fit of multiple growth 

curves. Alternatively, for lakes that show morphological differentiation in the absence of 

growth rate differentiation (e.g., Vatnshlí%arvatn), the informative morphological traits may 

not have been captured by morphological variables used in this study. This may explain 

why so fewer lakes were found to be divergent in morphology rather than growth rate: only 

one lake secured support entirely from morphological analyses (Thríhyrningsvatn). Twenty-

one lakes detected as polymorphic in growth rate were not expected based on expert 

knowledge, possibly indicating that this method is detecting more than just polymorphism, 

such as intercohort growth variation. Therefore, the 14 of these that were not corroborated 

with morphological evidence, and especially the 5 of these that do not show appreciable 

differentiation (D < D*), should be investigated further to ensure correct classification.  
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As with any statistical analysis, the detectability of the mixture model method is 

sensitive to sample sizes, and especially differences in sample size between potential forms. 

However, unlike standard ANOVA methods frequently used to distinguish between groups 

designated a priori, this method assigns individuals to groups after defining the best mixture 

model. Therefore, it can be sensitive to outliers for the same reason that outliers are 

designated as such in an ANOVA: they do not fit the assumed normal distribution. 

Therefore, in an ANOVA, outliers would be removed, but in this analysis they may be 

designated as their own group. In particularly variable natural populations, oddities are 

perhaps more common than would be expected from a theoretical distribution, although this 

may not biologically reflect the presence of an entire additional form, as expected from 

polymorphism. Unfortunately, it may be impossible to distinguish between the presence of 

oddities versus insufficient sampling of a second morph. For example, uneven sampling 

may result when catch rates differ among morphs due to differences in habitat or body size 

(Finstad, Jansen & Langeland 2000). Considering the effort needed to gain enough data to 

do broad-scale comparative analyses, uneven sampling is likely to occur, so 

overclassification as polymorphic may be a persistent problem when using these methods. 

In this study, the minimum designation of 5 individuals per component and the use of AICc 

were helpful in reducing sensitivity. 

 In addition, there are other problems inherent in interpreting statistical results in a 

biological context, although these would likely remain given any statistical method. First, 

emphasis was placed on the presence of a bimodal distribution over a single distribution 

with a wide variance. However, both may be biologically meaningful in understanding how 

populations transition from monomorphic to polymorphic states. Second, Differentiation 

was used in this study only to characterize bimodal populations due to the problem of 
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defining a measure that would be meaningful in both bimodal and trimodal populations. 

Finally, although polymorphic populations are interpreted here as being temporally stable, it 

is possible that some populations with weaker differentiation actually reflect environmental 

variation or groups of cohorts with different growth rates or morphologies. Population 

dynamical mechanisms may cause bimodality to develop within a population due to a 

combination of seasonal effects of different-sized prey and size-specific foraging (Griffiths 

1994; Borcherding et al. 2010).  
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I512!'82&')'04!=#66'&'32!7&56%3=,0!65&)1!,3=!0,&$'&!0#225&,0!65&)1!2I,2!$'3'&,004!

9531%)'!=#66'&'32!7&'4!,G,#0,*0'!#3!',9I!I,*#2,2!Z`0')'21'3!'2!,0.!:U-U[.!+'0,$#9!65&)1!

'8I#*#2#3$!M5570,3@2#G5&4\!7#19#G5&4\!5&!*52I\!95O599%&!J#2I!*'32I#9!65&)1!#3!R9520,3=!

,3=!/,3,=,!ZS=,)1!'2!,0.!-DDK\!"&,1'&!'2!,0.!-DDK\!A%#$%'&!'2!,0.!:UU:\!+5J'&!'2!,0.!

:UU;\!S&*5%&!'2!,0.!:U--[.!+#19#G5&4!#1!,015!'8I#*#2'=!*4!9,33#*,0#12#9!65&)1\!JI#9I!),4!

0',=!25!*#)5=,0!1#M'!=#12&#*%2#531!#3!757%0,2#531!ZA&#66#2I1!-DDE\!S3='&1153!'2!,0.!

:UUQ\!S&*5%&!'2!,0.!:U--[\!,1!J'00!,1!*4!0,&$'!*'32I#9!65&)1!#3!15)'!059,2#531!ZS=,)1!

'2!,0.!-DDK\!"&,1'&!'2!,0.!-DDK[.!_5J'G'&\!#3!2I'!7&'1'39'!56!52I'&!17'9#'1\!S&92#9!9I,&&!

2'3=!25!'8#12!,1!,!1#3$0'\!M5570,3@2#G5&5%1!65&)!ZB,3$'0,3=!'2!,0.!-DD-\!_'12I,$'3!'2!,0.!

-DDQ\!c,31'3!'2!,0.!:UU:\!+5J'&!'2!,0.!:UU:\!"5&1'2I!'2!,0.!:UU?\!`3%=1'3!'2!,0.!:U-U[.!
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! S02I5%$I!7504)5&7I#1)!#3!S&92#9!9I,&&!599%&1!,9&511!,!J#='!$'5$&,7I#9,0!

&,3$'!#3!2I'!1%*,&92#9\!12#00!0#220'!#1!@35J3!,*5%2!G,&#,2#53!#3!S&92#9!9I,&&!6&5)!15)'!

G,12!&'$#531\!1%9I!,1!S0,1@,.!TI#1!#1!7,&2#,004!=%'!25!2I'!659%1!56!),34!12%=#'1!53!,!6'J!

059,2#531!J#2I!'82&')'!G,&#,2#53\!,3=!7,&2#,004!=%'!25!2I'!#3,99'11#*#0#24!56!),34!

1%*,&92#9!&'$#531.!+,12!6&'1IJ,2'&!&'1',&9I!#3!S0,1@,!I,1!*''3!953=%92'=!7&#),&#04!#3!

,99'11#*0'!&'$#531!J#2I!I#$I!6#1I!17'9#'1!&#9I3'11!,3=!,3,=&5)5%1!+,9#6#9!1,0)53!

17'9#'1!P'=01-.'=-()*177.!7&'1'32.!V3!2I'1'!1412')1\!S&92#9!9I,&!2'3=!25!*'!0,&$'O

*5=#'=!,3=!7#19#G5&5%1!ZF%11'00!-DKU\!R9,3053!:UUU\!`&'#3'&!:UU>\!<'3253!:UUQ[.!

_5J'G'&\!'G'3!J#2I#3!2I'!0#)#2'=!12%=#'1!56!)5&'!&')52'!&'$#531\!S&92#9!9I,&&!,3=!

<5004!P,&='3!0#6'!I#125&#'1!9,3!G,&4!1%*12,32#,004!ZF%11'00!-DKU\!R9,3053!:UUU\!`&'#3'&!

:UU>\!R9,3053!:UUU\!<'3253!'2!,0.!:U-U\!c,'9@1!:U--[.!F')52'\!)5&'!&'9'3204!

='$0,9#,2'=!,&',1!),4!9532,#3!6'J'&!6#1I!17'9#'1!=%'!25!I,&1I'&!$&5J#3$!953=#2#531!,2!

I#$I'&!,02#2%='1\!$&',2'&!*,&&#'&1!25!)#$&,2#53\!1%9I!,1!*,&&#'&!J,2'&6,001!5&!&,7#=1!

ZA&#66#2I1!:UU>[\!5&!$&',2'&!'3G#&53)'32,0!G,&#,*#0#24!ZF5*#3153!,3=!R9I0%2'&!:UUU[.!V3!

,==#2#53\!$'3'2#9!,3,041'1!#3=#9,2'!2I,2!,02I5%$I!6#1I!#3!2I'1'!&'$#531!1I5J!&'=%9'=!

$'3'2#9!=#G'&1#24\!2I'4!,015!'8I#*#2!I#$I'&!&,2'1!56!17'9#,2#53!ZH'&3,29I'M!,3=!Y#0153!

-DDK[.!R#39'!&'=%9'=!#32'&17'9#6#9!95)7'2#2#53!,3=!I#$I!&'15%&9'!,G,#0,*#0#24!,&'!

9531#='&'=!),#3!9532&#*%25&1!25J,&=!2I'!='G'057)'32!56!&'15%&9'!7504)5&7I#1)!

ZR@d0,153!'2!,0.!-DDD\!R)#2I!,3=!R@d0,153!-DD>[\!2I'!752'32#,0!65&!&'15%&9'!

7504)5&7I#1)!#3!&')52'!&'$#531!56!S0,1@,!#1!I#$I.!!

TI'!$5,0!56!2I#1!12%=4!J,1!25!,3,04M'!)5&7I505$#9,0!,3=!*5=4!1#M'!G,&#,2#53!

6&5)!65%&!0,@'1!#3!15%2IJ'12'&3!S0,1@,!25!$#G'!,!*&5,='&!%3='&12,3=#3$!56!'9505$#9,0!

G,&#,*#0#24!#3!S&92#9!9I,&&!6&5)!2I#1!&'$#53.!Y'!'87'92'=!2I,2!7504)5&7I#1)!J5%0=!*'!

='2'92'=!#3!15)'!0,@'1!*,1'=!7,12!12%=#'1!#3=#9,2#3$!2I,2!S&92#9!9I,&&!2'3=!25!*'95)'!
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7504)5&7I#9!#3!=''7\!#150,2'=!0,@'1!2I,2!I,G'!6'J!95O599%&&#3$!17'9#'1!ZA&#66#2I1!-DDE\!

/I,72'&!?[.!Y'!2I'&'65&'!9I51'!25!'8,)#3'!S&92#9!9I,&&!6&5)!65%&!0,@'1!2I,2!G,&#'=!

J#='04!#3!1#M'\!='72I\!'0'G,2#53\!,3=!=#G'&1#24.!_#$I!G,&#,*#0#24!#3!1#M'!,2!),2%&#24!,3=!

0'3$2IO,2O,$'!I,1!*''3!)'32#53'=!#3!7&'G#5%1!&'75&21!&'$,&=#3$!S&92#9!9I,&&!#3!S0,1@,\!

*%2!35!,22')72!I,1!*''3!),='!25!=#66'&'32#,2'!65&)1!ZF%11'00!-DKU\!`&'#3'&!:UU>[.!T5!

=5!2I#1\!J'!2'12'=!JI'2I'&!2J5!P53!H'&2,0,3664!$&5J2I!9%&G'1!6#2!2I'!=,2,!*'22'&!2I,3!

53'!%1#3$!)#82%&'!)5='01!Z/I,72'&!?[.!S1!#3=#9,2'=!6&5)!'01'JI'&'!#3!N%&57'\!J'!

'87'92'=!25!6#3=!=#66'&'39'1!*'2J''3!65&)1!#3!=#'2\!)5&7I505$4\!17,J3!2#)#3$!5&!

I,*#2,2\!&'0,2#G'!$53,=!1#M'\!5&!$&5J2I!7,22'&31.!V3!,==#2#53\!*'9,%1'!#3=#G#=%,0!

17'9#,0#M,2#53!#1!2I5%$I2!25!*'!,3!#)75&2,32!)'9I,3#1)!65&!2I'!='G'057)'32!56!

&'15%&9'!7504)5&7I#1)!ZH503#9@!'2!,0.!:UU?\!`3%=1'3!'2!,0.!:U-U\!`3%=1'3!'2!,0.!

:U--[\!J'!,015!'87'92'=!25!6#3=!,!&'0,2#531I#7!*'2J''3!S&92#9!9I,&&!)5&7I505$4!,3=!

=#'2\!'G'3!#3!$&5%71!JI'&'!35!7504)5&7I#1)!J,1!='2'92'=.!

U0K&L;4?67=&
!-(?7*)&-%)*

! TI'!12%=4!0,@'1!,&'!,00!059,2'=!#3!2I'!`G#9I,@!F#G'&!1412')!#3!H&#1250!H,4\!

15%2IJ'12'&3!S0,1@,!Z"#$.!E.-[.!V0#,)3,!B,@'!#1!2I'!0,&$'12!0,@'!#3!S0,1@,!,3=!2I'!

`G#9I,@!F#G'&!9,29I)'32\!25!JI#9I!#2!*'053$1\!9532,#31!%7!25!:;!&'1#='32!6#1I!17'9#'1!

Z`0#3'!'2!,0.!-DD?[.!TI'!`G#9I,@!F#G'&!9533'921!V0#,)3,!B,@'!25!H&#1250!H,4\!,3=!#21!

J,2'&1I'=!1%770#'1!17,J3#3$!,3=!&',&#3$!I,*#2,2!65&!2I'!J5&0=]1!0,&$'12!159@'4'!

1,0)53!ZP'=01-.'=-()*'%1I"[!757%0,2#53!ZH%&$3'&!-DD-[.!"5&!2I#1!&',153\!V0#,)3,!

B,@']1!,)*#'32!!15
N!G,0%'1!,&'!'0'G,2'=!6&5)!2I'!'35&)5%1!#360%8!56!),&#3'!='&#G'=!

3%2&#'321!=%&#3$!,33%,0!1,0)53!&%31!Z`0#3'!'2!,0.!-DD?[.!V0#,)3,!B,@'!J,1!1,)70'=!,2!

#21!',12'&3!'3=!53!*',9I'1!3',&!+5&9%7#3'!V10,3=\!*%2!2I#1!1,)70'!9,3352!*'!%1'=!25!
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&'7&'1'32!2I'!6%00!=#G'&1#24!56!S&92#9!9I,&&!#3!2I'!0,@'!=%'!25!2I'!0,@']1!0,&$'!1#M'.!

R%))#2!B,@'1!,&'!,!7,#&!56!1),00\!=''7!I',=J,2'&!0,@'1!1#2%,2'=!n-;!@)!6&5)!V0#,)3,!

B,@'!,3=!nE!@)!6&5)!2I'!A%06!56!S0,1@,!53!,!=#G#=#3$!)5%32,#3!7,11.!R%))#2!B,@'1!

6''=!/I#3@'04'1!/&''@\!JI#9I!^5#31!2I'!V0#,)3,!F#G'&!25!'32'&!V0#,)3,!B,@'!#3!2I'!

',12'&3!'3=.!_5J'G'&\!,!*,&&#'&!J,2'&6,00!53!/I#3@'04'1!/&''@!7&'G'321!%7&#G'&!

)#$&,2#53\!15!2I'!10#)4!19%07#3!,066()*=0:'"6()*,3=!S&92#9!9I,&&!,&'!,77,&'3204!2I'!

5304!&'1#='32!6#1I'1.!R%))#2!B,@'1!J,1!,015!2I'!5304!1,)70'!1#2'!1%&&5%3='=!*4!

1I&%**'&4!&,2I'&!2I,3!65&'12.!B5J'&!,3=!X77'&!T,M#)#3,!B,@'1!,&'!0,&$'&!0,@'1!

Z,77&58.!-:.;!,3=!-:.;!@)!053$\!-.:!,3=!:.D!@)!),8#)%)!J#=2I!&'17'92#G'04[!#3!,3!

,77&58.!DUU!@):!65&'12'=!$0,9#,0!9,29I)'32!*,1#3!65&!T,M#)#3,!F#G'&!ZF%11'00!-DKU[.!

TI'!6#1I!6,%3,!56!T,M#)#3,!B,@'1\!JI#9I!9531#12!56!S&92#9!9I,&&\!S&92#9!$&,40#3$!

S-.3"##()*"1=6&=()\!10#)4!19%07#3\!,3=!2I&''17#3'!12#9@0'*,9@\!,&'!1'7,&,2'=!6&5)!

=5J312&',)!R#8)#0'!B,@'!*4!,!0,&$'!*,&&#'&!J,2'&6,00!#3!T,M#)#3,!F#G'&!Zn?U!)!

I'#$I2[.!TI#1!&#G'&!605J1!#325!2I'!('JI,0'3!F#G'&\!,3=!2I'&'6&5)!#325!V0#,)3,!B,@'.!!

B5J'&!T,M#)#3,!B,@'!J,1!1,)70'=!,2!2I'!3,&&5J1!56!2I'!15%2IJ'12'&3!'3=.!/,&#*5%!

B,@'1!,&'!,!1'&#'1!56!I#$IO'0'G,2#53\!1),00\!1I,005J!0,@'1!059,2'=!,2!2I'!I',=J,2'&1!56!

2I'!`5@1'23,!F#G'&!,3=!1%&&5%3='=!*4!,!95)*#3,2#53!56!65&'12!,3=!2%3=&,!#3!2I'!

)5%32,#31!35&2I!56!B,@'!/0,&@.!B#220'!#1!@35J3!,*5%2!2I'1'!0,@'1\!*%2!2I'4!,&'!6'=!*4!,!

95)*#3,2#53!56!135J)'02!,3=!17&#3$1!,3=!=&,#3!#325!B,@'!/0,&@.!TI'!&'1#='32!6#1I'1\!

#390%=#3$!S&92#9!9I,&&\!S&92#9!$&,40#3$\!2I'!74$)4!JI#2'6#1I!@10)0+&(3*=0(#6%1&&\!,3=!

10#)4!19%07#3\!,&'!0#@'04!1'7,&,2'=!6&5)!)5&'!=#G'&1'!=5J312&',)!6#1I'1!*4!1'G'&,0!

1'21!56!&,7#=1!,053$!2I'!`5@1'23,!F#G'&!ZF%11'00!'2!,0.!-DKU[.!!
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!
(1R85;&U0:0&+@FAD13R&D69@4163=&6<&4?;&<685&D@G;=&837;5&=487E&W=;;&!@CD;&U0:X0&&&

TI%1\!2I'!65%&!0,@'1!J'!1,)70'=!,&'!,00!#3!2I'!1,)'!0,&$'!=&,#3,$'!*,1#3.!L3'!

0,@'!ZV0#,)3,[!&'9'#G'1!,!$&',2!1%7704!56!),&#3'O='&#G'=!3%2&#'321!=%'!25!+,9#6#9!

1,0)53!)#$&,2#531.!!N,9I!56!2I'!%77'&!0,@'1!#1!#150,2'=!6&5)!2I'!52I'&1!,3=!6&5)!

%712&',)!)#$&,2#53!*4!V0#,)3,!B,@'!6#1I\!,3=!2I'&'65&'!I,1!0#@'04!0#)#2'=!$'3'!605J!

=5J312&',).!Physical data for Iliamna Lake were based on data from Kline et al. (1993), 

and altitude and surface area of Summit, L. Tazimina, and Caribou lakes were estimated 

using satellite imagery by including all lakes that were connected by less than 1 km (Table 

4.1). Maximum depth was measured using a depth sounder in Summit Lake and was taken 

from a survey of Lake Clark National Park for L. Tazimina and Caribou Lakes (Russell, 

1980).!

9&)>*)"2+#&':*

C512!S&92#9!9I,&&!J'&'!1,)70'=!S%$%12!g!R'72')*'&!:U-U!ZT,*0'!E.-[.!T'3!

,==#2#53,0!S&92#9!9I,&&!J'&'!1,)70'=!6&5)!R%))#2!B,@'!53!:E!S%$%12!:UUD\!,3=!

Ü
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0'3$2IO,2O,$'!,3=!$%2!9532'32!=,2,!6&5)!->!,==#2#53,0!6#1I!6&5)!V0#,)3,!B,@'!J'&'!

#390%='=!6&5)!,352I'&!12%=4!953=%92'=!#3!c%3'!25!R'72')*'&!:UUQO:UUK!Z<'3253!'2!,0.!

:U-U[.!S&92#9!9I,&&!J'&'!9,%$I2!#3!V0#,)3,!B,@'!%1#3$!,!95)*#3,2#53!56!,3$0#3$!,3=!

*',9I!1'#3#3$!,62'&!9I%))#3$!J#2I!+,9#6#9!1,0)53!'$$1!,2!"%'0!<%)7!V10,3=.!S&92#9!

9I,&&!6&5)!2I'!52I'&!S0,1@,3!0,@'1!J'&'!9500'92'=!%1#3$!:!g!?!1#3@#3$!paneled gill nets: 

2I'!6#&12!)%02#6#0,)'32!3'2!9532,#3'=!1#M'1!56!-U\!-?\!-Q\!:U\!::\!,3=!:E!))!)'1I!1#M'1!

Z;Q!)!053$!8!-.>!)!=''7[\!2I'!1'953=!monofilament net had mesh sizes 13, 19, 25, 38 and 

50 mm mesh sizes (38.1 m long x 1.8 m deep), and the third monofilament net contained 

13, 25, 51, and 102 mm mesh sizes (30.5 m long x 1.8 deep).!Gill nets were set 

perpendicular to shore, were additionally set in deeper (~10 m) regions of Summit Lake, 

and were left overnight. For Arctic charr captured in 2010, gut contents were analyzed by 

sorting and categorizing prey contents as fish (various stickleback species for Iliamna Lake, 

slimy sculpin for all others), snails, pea clams, cinereus shrew, aquatic insect pupae, 

terrestrial insects and culicid larvae, caddisfly larvae, chironomid larvae, or zooplankton.  

Digital images were taken of the charr from which fork lengths were measured using 

ImageJ v. 1.44o. Using TPS software 22 landmarks were placed on the images according to 

a previous study (Chapter 2). TPS software 1562J,&'!ZT+R<#$!P.!:.-\!T+RX2#0!P.!-.EU\!

T+RF'0!P.!:.E\!F5I06\!:UUE\!0#6'.*#5.1%341*.'=%)5&7I[!was then used to align, rotate, and 

scale landmarks, after which a relative warp analysis was used to summarize body shape 

variation. 

Sex and maturity status were recorded, the latter categorized either as juvenile (no 

development in gonads: ovaries < 1/3 body length and eggs < 1 mm diameter; no 

development in testes), mature (any evidence of current or past gonadal development: 

lengthening of ovaries or increase in egg size; thickening of testes), or mature and ripening 
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(close to spawning: ovaries span entire body length and eggs > 3mm; testes fully developed 

and possibly running). Total gill raker counts from the first arch and pyloric caecae counts 

were also recorded to ensure that fish fell within the ranges of Arctic charr and were not 

Dolly Varden Salvelinus malma (Russell 1980, Taylor et al. 2008). Otoliths were removed, 

ground and polished with fine sand paper, mounted on slides with crystal bond, and aged 

under a dissecting microscope. 

Dorsal muscle plugs were taken for stable isotope analyses. Littoral stone and mud 

habitats (>1 m deep) were scoured for benthic invertebrate samples to be used as baseline 

values for stable isotope analyses, and zooplankton samples were taken using a 153 µ tow 

net in Alaska. Tows were vertical unless limitations due to shallow depths required 

horizontal towing. Zooplankton were left in lake water for at least 3 hours and benthic 

invertebrates were left overnight to clear guts before being frozen. Samples were dried at 

50° C, crushed, and sent to University of California (UC) Davis Stable Isotope Facility for 

analysis of natural levels of !
13

C and !
15

N stable isotope ratios using a Europa Hydra 20/20 

continuous flow isotope ratio mass spectrometer. Ratios are expressed as parts per thousand 

difference relative to the international standard: ! = 1000 * (Rsample – Rstandard) / Rstandard, 

where R is the ratio of the heavier, more rare isotope (
13

C or 
15

N) over the common isotope 

(
12

C or 
14

N). The international standard ratios based on V-PDB (Vienna Pee-Dee belemnite) 

carbon and atmospheric nitrogen were used for Rstandard. Nylon, peach leaf, glutamic acid, 

and enriched glutamic acid standards were used to calibrate the spectrophotometer against 

NIST Reference Materials and indicated machine standard deviation as < 0.20 for !
13

C and 

< 0.50 for !
15

N. For each species whose guts were examined, frequency of occurrence was 

calculated for each prey category and consolidated for comparison with stable isotope 

analyses (Table 4.2). 
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!-"4#%*&)0-0+%*"'"#7)&)*

Before statistical analyses, stable isotope values were normalized for lipid content 

according to Kiljuenen et al. (2006), but as they found no relationship in invertebrates, no 

adjustment was made. Correcting for variation among lakes in !
13

C and !
15

N values at the 

base of the food chain is imperative for meaningful comparisons at higher trophic positions 

among study sites (Vander Zanden and Rasmussen 1999, Vander Zanden and Rasmussen 

2001, Post et al. 2002). To calculate trophic position (TP) while taking into account baseline 

values, we used the following common mixture model: TPsc = "base1*b + "base2*(1 – b) + 

(!
15

Nsc – [!
15

Nbase1*b + (!
15

Nbase2*(1 – b)]). In this case, "base1 and "base2 are the trophic 

positions of the samples !
15

Nbase1 and !
15

Nbase2 used to calculate the bases of the first and 

second food chains (e.g., limnetic and benthic), !
15

Nsc is the sample from the secondary 

consumer whose TP is being calculated, and a represents the proportion of food chain 1 that 

contributes to the diet. Values for !
13

C can then be used to estimate b as (!
13

Csc – !
13

Cbase2) / 

(!
13

Cbase1 – !
13

Cbase2), leaving 4 parameters necessary for the calculation of TP for 

secondary consumers: !
15

Nbase1, !
15

Nbase2, !
13

Cbase1, and !
13

Cbase2. To estimate these 

parameters, we used snails as the benthic baseline and zooplankton as the limnetic baseline. 

Although freshwater mussels have been suggested as a more time-integrated value of the 

limnetic baseline (Post et al. 2002), these were not readily available in most lakes, or of 

such small size that benthic carbon sources likely influence !
13

C values. In addition, for 

Iliamna, Summit, and Caribou Lakes, the maximum !
13

C values from snails were not as 

extreme as values found for Arctic charr, so we assumed that our invertebrate sampling was 

insufficient and instead used the extreme values found for Arctic charr. Using these 

baselines with food chain 1 as benthic and food chain 2 as limnetic, we calculated TP and b, 

which reflects the proportion of carbon from the benthic food chain consumed (BFC). TP 
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and BFC were then used to compare fish diets across lakes. All statistical analyses were 

performed using F!G.!:.-?.U (R Development Core Team, 2011). 

!@CD;&U0:0&$69@4163\&=@FAD13R&7@4;\&=@FAD;&=1V;=&W*X\&;321563F;34@D&2@51@CD;=\&@37&C@=;D13;&

2@D8;=&6<&q:>*&@37&q:M)&8=;7&<65&4?;&D1F3;419&@37&C;34?19&<667&9?@13=&13&=4@CD;&1=646A;&=4871;=0&

!?;&;321563F;34@D&2@51@CD;=&139D87;&@D41487;&W"$!X\&=85<@9;&@5;@&W+"X\&@37&F@Q&7;A4?&WL"rX0&

!;3&@7714163@D&"59419&9?@55&<56F&+8FF14&$@G;&S;5;&9@8R?4&KU&"8R8=4&KIIJ\&@37&:T&@7714163@D&

"59419&9?@55&D;3R4?`@4`@R;&@37&R84&9634;34&7@4@&S;5;&139D87;7&<56F&@&KIIY&=487E&WN;3463&;4&@D0&

KI:IX0&

    
 

   Limnetic Base Benthic Base 

 Latitude Longitude Date N ALT SA MAX &15N &13C &15N &13C 

Summit Lake 59.70413 -153.68639 20-21 Aug 2010 16 152 0.60 20.00 2.20 -31.69 1.99 -16.87 

Caribou Lake 60.45012 -154.62968 8 Dec 2010 45 550 1.20 5.00 3.82 -32.63 4.49 -16.29 

L. Tazimina Lake 59.96206 -154.55540 6 Dec 2010 24 194 520.00 20.00 1.74 -33.34 0.38 -13.65 

Iliamna Lake 59.73750 154.20806 23-30 Aug 2010 23 14 2622.00 393.00 5.51 -29.73 3.49 -10.27 

!@CD;&U0K0&(5;O8;39E&6<&699855;39;&6<&4?;&A5;E&14;F=&<1=?&W(1=X\&=3@1D=&W+3@X\&A;@&9D@F=&WL8=X\&

V66AD@3G463&Ws66X\&9@771=<DE&D@52@;&W)@7X\&4;55;=451@D&@78D4&13=;94=&W!;5X\&@O8@419&13=;94&A8A@;&

WZ8AX\&@37&913;5;8=&=?5;S&W+?5X&13&;@9?&D@G;0&B@D8;=&g&I0K&@5;&13&C6D70&N@4@&<56F&,D1@F3@&$@G;&

@5;&4@G;3&<56F&N;3463&;4&@D0&WKI:IX0&N@4@&<65&$0&!@V1F13@&$@G;&)D@0\&!;50&@37&(1=\&S;5;&4@G;3&<56F&

]5;13;5&WKIITX0&

Lake Fis. Sna. Cla. Zoo. Cad. Ter. Pup. Shr. 

Iliamna Lake 0.50 0.38 0.00 0.00 0.00 0.00 0.00 0.00 

Summit Lake 0.02 0.29 0.22 0.04 0.07 0.42 0.78 0.05 

Caribou Lake 0.08 0.71 0.58 0.04 0.13 0.00 0.00 0.00 

L. Tazimina Lake 0.08 0.26 0.17 0.35 0.00 0.34 0.09 0.00 

N%)-&':*506*+0#7206+>&)2*

 Following the methods of Chapter 3, the fit of a mixture model containing two Von 

Bertalanffy growth curves (two-component model, K = 2) was compared to the fit of a 

single-component model (K=1). Error was assumed to be normal, so we calculated the 

likelihood of a given data point as the sum of 1) the likelihood of the data point given the 

parameters of the first growth curve, multiplied by an additional parameter p reflecting the 

proportional contribution of the first normal error distribution relative to the second, and 2) 

the likelihood of the data point given the parameters of the second growth curve, multiplied 

by (1 - p). The likelihood of a two-component mixture model is given by: 
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! ! ! ! ! NW!-!

where µ represents length prediction of a Von Bertalanffy curve: 

.! ! ! ! ! ! ! ! ! NW!:!

The Von Bertalanffy growth curve is defined by the parameters 4^*Z,14)7252#9!0'3$2I[!

,3=!_*Z9%&G,2%&'[\!,3=!4#'0=1!0'3$2I!7&'=#92#531!$#G'3!,$'!=,2,!".!The subscripts for µ 

and # indicate separate predictions associated with the two curves fitted in the mixture 

model.  

The model with the minimum Aikaike information criteria corrected for small 

sample size (AICc) was chosen as the best model. When the two-component model was 

chosen, the difference in AICc from the one-component model (!AICc) was shown to 

indicate its relative support; if !AICc > 2, then the two-component model showed greater, 

rather than similar (!AICc < 2), support. When polymorphism was detected, individuals 

were assigned to the component JI51'!7&575&2#53!56!2I,2!#3=#G#=%,0k1!1%))'=!

0#@'0#I55=!J,1!p!U.;.! 

=>"6".-%6&<&':*+0#7206+>&)2*

 For populations found to be polymorphic, Student’s T test was used to test for 

differences between assigned forms in TP, BFC, morphometric variables for fish in a 

similar size range (RW1, RW2, RW3), gill raker counts, pyloric caeca counts, and 

gonadosomatic index of ripening individuals (i.e., gonad mass divided by total body mass x 

100).  

D0'0206+>&.*$"6&"-&0'*

Following these analyses, within-population variation in morphology as it relates to 

diet was examined with the L. Tazimina Lake small form excluded. First, each 

!
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morphometric variable (RW1, RW2, RW3) was predicted using Lake, Sex, and their 

interactions in linear models to determine whether morphology was affected by gender, and 

whether this effect differed among lakes. Second, the morphometric variables were each 

predicted using Lake, fork length, and their interactions to determine whether any 

morphometric variable represented allometric trends that differed by lake. If interactions 

were not significant, both interactions and Lake main effects were removed from the model. 

Third, morphometric variables were used as continuous predictors of TP and BFC in linear 

models. Lake was also included as a categorical variable, and the interactions between lake 

and each of the three predictors were used to test for differences in slope among lakes. 

Iliamna Lake was always used as the baseline to which the other lakes were compared. 

U0M&/;=8D4=&
N%)-&':*506*+0#7206+>&)2*

L304!B.!T,M#)#3,!B,@'!1I5J'=!$&5J2I!9%&G'!=#66'&'32#,2#53!*,1'=!2I'!

95)7,&#153!56!6#21!*'2J''3!,!)#82%&'!)5='0!9532,#3#3$!2J5!P53!H'&2,0,3664!$&5J2I!

9%&G'1!,3=!,!)5='0!J#2I!5304!,!1#3$0'!$&5J2I!9%&G'!%1#3$!SV/9!Z"#$.!E.:[.!"5&!B.!

T,M#)#3,!B,@'\!1#8!#3=#G#=%,01!J'&'!,11#$3'=!25!,!1'7,&,2'!65&)!Z&'6'&&'=!25!,1!2I'!

}1),00~!65&)[!J#2I!,3!'12#),2'=!),8#)%)!0'3$2I!56!4!*�!-Q.D>Q!±!U.:;-!RN\!9%&G,2%&'!

"!�!-.UUU!±!U.:U>!RN\!,3=!12,3=,&=!='G#,2#53!#!�!U.EK:!±!U.-QU!RN\!JI'&',1!-Q!

#3=#G#=%,01!J'&'!,11#$3'=!25!,!0,&$'!65&)!J#2I!,3!'12#),2'=!),8#)%)!0'3$2I!56!4!*�!

>?.UK;!±!:-.::Q!RN\!9%&G,2%&'!"!�!U.-U?!±!U.U;Q!RN\!,3=!12,3=,&=!='G#,2#53!#!�!>.D;>!

±!-.:UU!RN\!+!�!U.:?-.!"5&!R%))#2!B,@'\!?:!#3=#G#=%,01!J'&'!,11#$3'=!25!53'!65&)!J#2I!

,3!'12#),2'=!),8#)%)!0'3$2I!56!4!*�!:;.?Q-!±!U.QK;!RN\!9%&G,2%&'!"!�!U.D>D!±!U.:-?!

RN\!,3=!12,3=,&=!='G,2#53!#!�!-.EE:!±!U.;>>!RN\!JI'&',1!-Q!#3=#G#=%,01!J'&'!,11#$3'=!

25!,!1'953=!65&)!J#2I!,3!'12#),2'=!),8#)%)!0'3$2I!56!4!*�!?U.;E;!±!-.?K?!RN\!
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9%&G,2%&'!"!�!U.:Q:!±!U.U?>!RN\!,3=!12,3=,&=!='G#,2#53!#!�!-.DDK!±!U.?-:!RN\!+!�!U.?EE.!

<#66'&'32#,2#53!J,1!U.;>-!65&!B.!T,M#)#3,!B,@'!,3=!U.E:K!65&!R%))#2!B,@'\!9,09%0,2'=!

,1!2I'!1%)!56!2I'!1W%,&'=!&'1#=%,01!56!2I'!=5%*0'!$&5J2I!9%&G'!)5='0!=#G#='=!*4!2I'!

1%)!56!2I'!1W%,&'=!&'1#=%,01!6&5)!,!1#3$0'!$&5J2I!9%&G'!)5='0.!R#3$0'!9%&G'1!6#2!*'12!

#3!2I'!52I'&!0,@'1!ZV0#,)3,!B,@'f!4!!�!E>.QDD!±!Q.-;-RN\!"!�!U.:>?!±!U.UK?Q!RN\!#!�!

>.EE>!±!U.KE>!RNl!R%))#2!B,@'1f!4!!�!:Q.;>D!±!U.Q->!RN\!"!�!U.E:E!±!U.U;Q?!RN\!#!�!

:.?KE!±!U.::Q!RNl!/,&#*5%!B,@'1f!4!!�!EK.;>;!±!?.?DE!RN\!"!�!U.::>!±!U.UE>!RN\!#!�!

;.--Q!±!U.Q?D!RN[.!!

!
(1R85;&U0K0&L1Q485;&F67;D=&6<&4S6&R56S4?&9852;=&S;5;&63DE&F65;&13<65F@412;&4?@3&=13RD;&B63&

#;54@D@3<<E&R56S4?&9852;=&13&63;&6<&4?;&<685&"D@=G@3&$@G;=&4;=4;70&!?;&@==691@4;7&9?@3R;&13&",)9&

@37&2@D8;&6<&N1<<;5;341@4163&WNX&@5;&13719@4;70&

=>"6".-%6&<&':*+0#7206+>&)2*

V3!2I'!$'5)'2&#9!)5&7I5)'2&#9!,3,041#1\!6#&12!&'0,2#G'!J,&7!,8#1!ZFY-[!

,995%32'=!65&!-D.Eo!56!2I'!252,0!G,&#,2#53!,3=!&'60'92'=!*'3=#3$!,&5%3=!2I'!,*=5)#3,0!

1'92#53\!,1!J'00!,1!G,&#,2#53!#3!I',=!='72I!,3=!9,%=,0!7'=%390'!0'3$2I.!('$,2#G'!3E*

195&'1!#3=#9,2'=!'87,31#53!56!2I'!05J'&!I',=\!4#'0=#3$!,!)5&'!%72%&3'=!)5%2I\!

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

1/%%#2'($)*0' (.3*,'4$5#%#&$'($)*'
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JI'&',1!751#2#G'!3E*195&'1!4#'0='=!,3!'87,31#53!56!2I'!%77'&!I',=!4#'0=#3$!,!)5&'!

=5J32%&3'=!)5%2I.!TI'!1'953=!&'0,2#G'!J,&7!,8#1!ZFY:[!,995%32'=!65&!-E.>o!56!2I'!

252,0!G,&#,2#53l!#3=#G#=%,01!J#2I!751#2#G'!195&'1!I,=!0,&$'&!I',=1!,3=!1I5&2'&!*5=#'1\!

'17'9#,004!#3!2I'!9,%=,0!7'=%390'!&'$#53!JI'&',1!3'$,2#G'!195&'1!#3=#9,2'=!57751#2'!

2&,#2!7,22'&31.!TI'!2I#&=!&'0,2#G'!J,&7!ZFY?[!,995%32'=!65&!-?.>o!56!2I'!252,0!

G,&#,2#53!,3=!&'60'92'=!G,&#,2#53!#3!I',=!0'3$2I\!9,%=,0!7'=%390'!0'3$2I\!,3=!*5=4!

='72I.!V3=#G#=%,01!J#2I!3'$,2#G'!195&'1!I,=!&'0,2#G'04!1),00'&!I',=1\!1I5&2'&!,3=!

=''7'&!9,%=,0!7'=%390'1\!,3=!=''7!*5=#'1!JI'&',1!#3=#G#=%,01!J#2I!751#2#G'!195&'1!

I,=!57751#2'!2&,#2!G,0%'1!Z/I,72'&!:\!"#$.!:.-[.!

 No significant differences were found between the assigned forms Summit Lake 

(Fig. 4.3; TP: T53 = 0.119, P = 0.906; BFC: T53 = -0.007, P = 0.899; RW1: T53 = 0.001, P = 

0.781; RW2: T53 = 0.723, P = 0.473; RW3: T53 = 1.525, P =0.003; GR: T43 = -0.556, P = 

0.265; PC: T45 = -4.27, P = 0.855; GSI: T12 = -0.838, P = 0.564). Significant differences 

between the two forms within L. Tazimina Lake were found in all the variables tested 

except TP and RW2 (Fig. 4.3; TP: T21 = 0.314, P = 0.756; BFC: T21 = -6.139, P < 0.001; 

RW1: T9 = 3.556, P = 0.006; RW2: T9 = -0.747, P = 0.474; RW3: T9 = -5.246, P < 0.001; 

GR: T21 = 8.235, P < 0.001; PC: T18 = -4.21, P < 0.001; GSI: T12 = 15.47, P = 0.002). All 

individuals of the small form contained only zooplankton in their guts, so that frequency of 

occurrence in the small form rose to 1.0 and in the larger form for zooplankton dropped to 

0.08. Frequency of occurrence (Fo) in all other diet categories dropped to 0 for the small 

form and rose for the large form to Fo
’
 = (Fo*23 - 6)/23, as the total sample size was 23 and 

the number of individuals assigned to the small form was 6 (Table 4.2). The small form in 

L. Tazimina Lake therefore consumed more limnetic resources, as confirmed by low BFC 

scores, and had deeper bodies with more down-turned heads (Fig. 4.3), higher gill raker 
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counts, lower pyloric caecae counts, and larger gonads relative to body size for fish whose 

gonads were approaching spawning stages (GSI) (Fig. 4.4). Mean GSI for females and 

males of the small L. Tazimina form were (mean ± SE) 17.6% ± 1.6% and 5.5% ± 0.0% 

respectively, whereas mean GSI for females and males of the large L. Tazimina form were 

10.0% (from one sample, no SE) and 3.2% ± 0.4% respectively. 

!

(1R85;&U0M0&L65A?6F;4519&71<<;5;39;=&13&/^:&@37&/^M&C;4S;;3&4?;&=F@DD&<65F\&=F@DD&

13712178@D=&6<&4?;&D@5R;&<65F\&@37&D@5R;&13712178@D=&13&$6S;5&!@V1F13@&$@G;0&-517&7;<65F@4163=&

<56F&R;6F;4519&F65A?6F;4519&@3@DE=;=&5;A5;=;34&4?;&KQ&9;345617&963<1R85@4163&6<&;@9?&9@4;R65E&

WD;<4X0&,F@R;=&6<&;@9?&<65F&7;A194;7&CE&R517&7;<65F@4163=&@5;&=?6S3&63&4?;&51R?4&S14?&:I&9F&

C@5=0&

L636F65A?19&2@51@4163 

 In the models to predict RW1, RW2, and RW3 using sex and its interaction with 

Lake in mature individuals, interactions were never significant, indicating that any 

differences between sexes were similar among lakes. Sex only had a significant effect on 

RW2 (RW1: T64 = 1.009, P = 0.317; RW2: T64 = -2.904, P = 0.005; RW3: T64 = -1.696, P = 

0.095), indicating that males generally had smaller heads and longer bodies (lower RW2 

scores). In the models to predict RW1, RW2, and RW3 using fork length and its interaction 

with Lake, interactions were never significant, indicating that any allometric relationships 

were common across the lakes. Length was positively correlated with RW1 (T110 = 8.849, P 

= 0.004), uncorrelated with RW2 (T110 = 0.095, P = 0.759), and strongly negatively 
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correlated with RW3 (T110 = -6.479, P < 0.001). Therefore, as fish grew in length they 

overall experienced a slight expansion of the upper head region and down-turning of the 

mouth (RW1), as well as a strong enlargement of the body around the head and deepening 

of the body and caudal peduncle (RW3). 
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&

!

(1R85;&U0U0&(854?;5&@3@DE=;=&6<&71<<;5;39;=&C;4S;;3&4?;&D@5R;&@37&=F@DD&<65F=&13&$6S;5&!@V1F13@&

$@G;&13719@4;7&@&R5;@4;5&963=8FA4163&6<&D1F3;419&5;=6859;=&WD6S&#()X&C84&=1F1D@5&456A?19&

A6=14163=&W!ZX&W46A&D;<4X\&71<<;5;34&F65A?6F;4519&2@D8;=&W/^:\&/^MX&S14?&<1=?&6<&@&=1F1D@5&=1V;&

W46A&51R?4X\&?1R?;5&464@D&R1DD&5@G;5&96834=&WF177D;&D;<4X\&D6S;5&AED6519&9@;9@&96834=&WF177D;&51R?4X\&

@37&?1R?;5&R63@76=6F@419&137;Q&W-+,X&2@D8;=&WC6446FX0&

The model predicting TP based on morphology, Lake, and their interactions was 

significant (F15,96 = 6.424, P < 0.001), but the only significant main effect was RW3 (RW1: 

T96 = -1.185, P = 0.239; RW2: T96 = 0.783, P = 0.436; RW3: T96 = -2.033, P = 0.045; 

Summit Lake: T96 = -0.251, P = 0.802; Caribou Lake: T96 = 0.779, P = 0.282; Tazimina 

Lake: T96 = 1.364, P = 0.176). RW1 had a significant interaction only with Caribou Lake 

(with Summit: T96 = 0.433, P = 0.666; Caribou: T96 = 2.077, P = 0.041; Tazimina: T96 = -

0.346, P = 0.730); RW2 had no significant interactions (Summit: T96: -0.963, P = 0.338; 

Caribou: T96 = -0.970, P = 0.334; Tazimina: T96 = -1.686, P = 0.095); and RW3 had a 
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significant correlation with Summit and a marginal correlation with Caribou (Summit: T96 = 

2.527, P = 0.013; Caribou: T96 = 1.867, P = 0.065; Tazimina: T96 = 1.396, P = 0.166). 

Therefore, S&92#9!9I,&&!#3!R%))#2!,3=!/,&#*5%!0,@'1!*'9,)'!053$'&!,3=!I,=!,!)5&'!

=5J32%&3'=!)5%2I!,1!2I'#&!2&57I#9!751#2#53!&51'\!JI'&',1!S&92#9!9I,&&!6&5)!B.!

T,M#)#3,!0,&$'!65&)!,3=!V0#,)3,!B,@'1!*'9,)'!=''7'&!,3=!$,#3'=!)5&'!I5&#M532,004!

5&#'32'=!)5%2I1.!

!

(1R85;&U0>0&L65A?6F;4519&2@51@CD;=&W/^:\&/^MX&S;5;&9655;D@4;7&S14?&456A?19&A6=14163&W!ZX&@37&

A56A654163&9@5C63&963=8F;7&<56F&4?;&C;34?19&<667&9?@13&W#()[&:&j&C;34?19\&I&j&D1F3;419X\&C84&

5;D@4163=?1A=&2@51;7&CE&D@G;0&&

The model predicting proportion benthic food chain consumed (BFC) based on 

morphology, Lake, and their interactions was significant (F15,96 = 4.503, P < 0.001), but the 

only significant main effect was RW3 and Summit Lake (RW1: T96 = 0.277, P = 0.782; 

RW2: T96 =1.190, P = 0.237; RW3: T96 = 2.703, P = 0.008; Summit Lake: T96 = -2.006, P = 

0.048; Caribou Lake: T96 = -1.388, P = 0.168; Tazimina Lake: T96 = -0.928, P = 0.356). 

RW1 had no significant interactions (with Summit: T96 = -0.761, P = 0.448; Caribou: T96 = -
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1.243, P = 0.217; Tazimina: T96 = 0.350, P = 0.727); RW2 had no significant interactions 

(Summit: T96: 0.885, P = 0.398; Caribou: T96 = 1.622, P = 0.108; Tazimina: T96 = 0.960, P 

= 0.340); and RW3 had significant correlations with all three lakes (Summit: T96 = -1.958, P 

= 0.053; Caribou: T96 = -3.070, P = 0.003; Tazimina: T96 = -3.220, P = 0.002) (Fig. 4.5). 

TI'&'65&'\!6#1I!#3!/,&#*5%!B,@'!,3=!2I'!0,&$'!65&)!#3!T,M#)#3,!B,@'!1I5J'=!,!1#)#0,&!

1I#62!25J,&=!=''7'3#3$!*5=#'1!J#2I!$&',2'&!*'32I#9!&'15%&9'!%1'!,2!0,&$'!1#M'1.!

R%))#2!B,@'!,3=!V0#,)3,!B,@'!J'&'!#312',=!)5&'!1#)#0,&!#3!2I'#&!1057'1!56!#39&',1#3$!

*'32I#9!&'15%&9'!%1'!J#2I!3,&&5J'&!*5=#'1.!

U0U&N1=98==163&

& Y'!='2'92'=!7504)5&7I#1)!#3!S&92#9!9I,&&!6&5)!2J5!56!2I'!65%&!S0,1@,3!0,@'1!

%3='&!12%=4!*4!=#66'&'32#,2#53!#3!$&5J2I!9%&G'1\!2I5%$I!5304!53'!56!2I'1'!1I5J'=!,34!

6%&2I'&!'9505$#9,0!=#66'&'39'1.!<#66'&'39'1!J'&'!65%3=!#3!6''=#3$!I,*#21\!*5=4!1I,7'!

ZJI'3!5304!6#1I!56!,!1#)#0,&!1#M'!&,3$'!J'&'!9531#='&'=[\!95%321!56!$#00!&,@'&1!,3=!

7405&#9!9,'9,\!,3=!7&575&2#53,0!1#M'!56!2I'!$53,=1.!H52I!12,*0'!#15257'!,3=!$%2!9532'32!

=,2,!#3=#9,2'=!2I,2!2I'!1),00!65&)!9531%)'=!,0)512!'32#&'04!M5570,3@253\!JI'&',1!2I'!

0,&$'&!65&)!J'32!2I&5%$I!,3!5325$'3'2#9!1I#62!6&5)!9531%)72#53!56!M5570,3@253!,2!

1),00!1#M'1!25!9531%)72#53!56!)51204!13,#01\!90,)1\!2'&&'12&#,0!#31'921\!,3=!15)'!6#1I!,2!

0,&$'!1#M'1.!TI'&'65&'\!S&92#9!9I,&&!=#G'&1#24!#3!S0,1@,3!0,@'1!#1!0#@'04!$&',2'&!2I,3!

9%&&'3204!,77&'9#,2'=\!,3=!&'W%#&'1!6%&2I'&!#3G'12#$,2#53!#3!&')52'!&'$#531.!V3!R%))#2!

B,@'1\!$&5J2I!9%&G'!=#66'&'39'1!),4!#312',=!&'60'92!=#66'&'39'1!,)53$!95I5&21!5&!

95)*#3,2#53!56!1',153,0!'66'921!56!=#66'&'32O1#M'=!7&'4!,3=!1#M'O17'9#6#9!65&,$#3$!

ZA&#66#2I1!-DDEl!H5&9I'&#3$!'2!,0.!:U-U[\!,02I5%$I!6%&2I'&!'8705&,2#53!#1!,015!

J,&&,32'=.!!

L%&!&'1%021!95&&'1753=!J'00!J#2I!7&'G#5%104!@35J3!0#)3'2#9O*'32I#9!17'9#'1!
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=#66'&'32#,2#53!*'2J''3!S&92#9!9I,&&!65&)1!ZC,0)W%#12!'2!,0.!-DD:\!R35&&,153!'2!,0.!

-DDE\!R35&&,153!,3=!R@d0,153!:UUE\!S=,)1!'2!,0.!-DDK\!"&,1'&!'2!,0.!-DDK\!S&*5%&!,3=!

_%29I#3$1!:U--[.!!_5J'G'&!2I'!'82&')'04!1),00!1#M'!&,3$'!56!2I'!0#)3'2#9!65&)\!|!:U!

9)!,3=!W%,0#64#3$!,1!}=J,&6~!#3!52I'&!12%=#'1\!#1!352!95))53\!,3=!I,1!5304!*''3!65%3=!

J#2I!&'0,2#G'04!I#$I'&!6&'W%'394!#3!F%11#,!ZS0'@1'4'G!'2!,0.!:UU:[.!S02I5%$I!1),00!

S&92#9!9I,&&!65&)1!#3!V9'0,3=!,&'!&'0,2#G'04!95))53\!2I'4!,&'!)51204!*'32I#9!

17'9#,0#121!Z`&#12^u31153!:UUK[.!R),00!0#)3'2#9!65&)1!I,G'!5304!*''3!5*1'&G'=!6&5)!

n:!e!;U!0,@'1!1%&G'4'=!V9'0,3=!ZN9505$#9,0!R%&G'4!56!V9'0,3=#9!B,@'1\!%37%*0#1I'=!

=,2,[.!S!1),00!0#)3'2#9!65&)!J,1!&'75&2'=!#3!,!1#3$0'!/,3,=#,3!0,@'!Z+5J'&!'2!,0.!

:UU;*[\!*%2!2I'!=#'2!56!2I#1!65&)!J,1!95)751'=!56!9I#&535)#=!0,&G,'!,3=!#31'921!

&,2I'&!2I,3!M5570,3@253!Z,02I5%$I!2I#1!),4!*'!,!1',153,0!,&2'6,92[.!R),00!0#)3'2#9!

65&)1!I,G'!352!*''3!&'75&2'=!6&5)!0,@'1!#3!9532#3'32,0!N%&57'\!,02I5%$I!52I'&!17'9#'1!

#3!N%&57'!1%9I!,1!0,@'!JI#2'6#1I!,01%:0'()*#"$"1%6()*),4!65&)!1),00!0#)3'2#9!65&)1!

ZR#J'&21153!'2!,0.!:U-U[.!V312',=\!2I'!)5&'!J'00O@35J3!1),00!65&)1!56!S&92#9!9I,&&!#3!

N%&57'!,&'!7&56%3=,0!Zc531153!,3=!c531153!:UU-\!`0')'21'3!:U-U[.!!

TI'!I#$I!$#00!&,@'&!95%321!56!2I'!1),00!B.!T,M#)#3,!B,@'!65&)!95&&'1753=!J'00!

J#2I!7,12!12%=#'1!2I,2!#3=#9,2'!$&',2'&!9531%)72#53!56!M5570,3@253!*4!S&92#9!9I,&&!

ZR35&&,153!'2!,0.!-DDE[!,3=!JI#2'6#1I!ZR#J'&21153!'2!,0.!:U--\!B#3=1'4!-DK-[.!V3!

,==#2#53\!*5=4!1I,7'!G,&#,*0'1!=#66'&'=!*'2J''3!2I'!1),00!0#)3'2#9!65&)!,3=!1),00!

#3=#G#=%,01!Z|!?U!9)[!56!2I'!0,&$'&!65&)\!'G'3!2I5%$I!2I'4!9531%)'=!1#)#0,&!&'15%&9'1!

J#2I#3!2I#1!1#M'!&,3$'.!<'17#2'!2I'!90',&04!0#)3'2#9!=#'2!,3=!I#$I!$#00!&,@'&!95%321\!2I'!

1),00!65&)!,77',&'=!25!I,G'!,!)5&'!}*'32I#9~!)5&7I5)'2&4!#3!95)7,&#153!J#2I!1),00!

#3=#G#=%,01!56!2I'!0,&$'!65&).!TI'!1),00!65&)!I,=!I#$I'&!FY-\!#3=#9,2#3$!,!)5&'!=5J3O

2%&3'=!*5=4!J#2I!053$'&!7512'&#5&!,3=!=5&1,0!2,#0!&'$#531!,3=!,!)5&'!=5J3O2%&3'=!
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)5%2I\!,3=!05J'&!FY?!G,0%'1\!#3=#9,2#3$!,!&'0,2#G'04!=''7'&!*5=4!Z"#$.!E.:[.!TI'!

=''7'&!*5=#'1!&'1')*0'!2I51'!65%3=!65&!*'32I#9!65&)1!*4!S&*5%&!'2!,0.!Z:U--[!,3=!

=5J3O2%&3'=!)5%2I1!,&'!1#)#0,&!25!V9'0,3=#9!1),00!*'32I#9!S&92#9!9I,&&!ZR35&&,153!

,3=!R@d0,153!:UUE[.!_5J'G'&\!2I'!=#66'&'39'1!J'!5*1'&G'=!),4!,015!&'60'92!,005)'2&#9!

9I,3$'1!5&!*'I,G#5&,0!=#66'&'39'1!#3!I,*#2,2!%1'.!S1!,00!6#1I!J'&'!9,%$I2!9051'!25!

17,J3#3$!2#)'!#3!1I,005J!J,2'&!Z|!;!)[\!G#&2%,004!352I#3$!#1!@35J3!,*5%2!353O

17,J3#3$!I,*#2,2!%1'!5&!*'I,G#5&,0!,9W%#1#2#53!56!2I'#&!1'7,&,2'!&'15%&9'1.!R),00!

*'32I#9!65&)1!#3!V9'0,3=\!JI#9I!,&'!95))53!#3!1I,005J!0#225&,0!I,*#2,21!Z`&#12^u31153!

:UUK[\!,&'!,015!7,'=5)5&7I#9\!&'2,#3#3$!,!^%G'3#0'!)5&7I505$4!,2!),2%&#24!ZR35&&,153!

,3=!R@d0,153!:UUE[.!TI'!1),00!0#)3'2#9!65&)!#3!B.!T,M#)#3,!B,@'!I,1!&'2,#3'=!15)'!

6,#32!7,&!),&@1\!*%2!=#66'&1!#3!*5=4!1I,7'!,3=!)'&#12#9!9I,&,92'&#12#91!6&5)!2I'!95O

599%&&#3$!0,&$'!*'32I#9!65&).!TI'&'65&'\!7,'=5)5&7I#1)!),4!5304!*'!599%&&#3$!#3!

1#M'!,3=!9505&,2#53.!

"%&2I'&!95&&'0,2#531!56!)5&7I505$4!J#2I!=#'2,&4!I,*#21!J'&'!65%3=!#3!2I'!0,@'1!

9532,#3#3$!)535)5&7I#9!757%0,2#531!,3=!#3!2I'!0,&$'!B5J'&!T,M#)#3,!B,@'!65&).!R'8!

,77',&'=!25!*'!&,2I'&!%3#)75&2,32!#3!2I'1'!#32'&7&'2,2#531\!1#39'!)5&7I505$#9,0!

=#66'&'39'1!*'2J''3!1'8'1!J'&'!5304!5*1'&G'=!#3!2I'!)5&7I505$#9,0!G,&#,*0'!2I,2!J,1!

352!,66'92'=!*4!0'3$2I!,3=!J,1!352!95&&'0,2'=!J#2I!12,*0'!#15257'!&,2#51!ZFY:[.!T&'3=1!

65%3=!*'2J''3!*5=4!1I,7'!,3=!12,*0'!#15257'!&,2#51!J'&'!,015!352!9531#12'32!,9&511!

0,@'1\!#3=#9,2#3$!2I,2!2I'!'9505$4!56!S0,1@,3!S&92#9!9I,&&!1I#621!$&',204!J#2I!

9#&9%)12,39'.!"5&!'8,)70'\!S&92#9!9I,&&!#3!/,&#*5%!,3=!R%))#2!0,@'1!*'9,)'!053$'&!

,3=!I,=!,!)5&'!=5J32%&3'=!)5%2I!,1!2I'#&!2&57I#9!751#2#53!&51'\!JI'&',1!2I'!V0#,)3,!

B,@'!6#1I!1I5J'=!,3!57751#2'!1I#62\!25J,&=!=''7'&!*5=#'1!J#2I!)5&'!I5&#M532,0!

)5%2I1!ZFY-!i!FY?\!"#$.!E.;[.!H'9,%1'!2I'1'!)5&7I5)'2&#9!G,&#,*0'1!J'&'!,015!
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95&&'0,2'=!J#2I!1#M'\!2I'1'!0#@'04!&'60'92!5325$'3'2#9!1I#621!J#2I!1#M'!25J,&=!$&',2'&!

7#19#G5&4.!_5J'G'&\!7#19#G5&4!#3!V0#,)3,!B,@'!J,1!=5)#3,2'=!*4!7&'=,2#53!53!

2I&''17#3'!12#9@0'*,9@!Z<'3253!'2!,0.!:UUK[\!JI'&',1!5304!19%07#3!J'&'!9531%)'=!#3!

/,&#*5%!B,@'!ZT,*0'!E.:[!,3=!B.!T,M#)#3,!B,@'!Z`&'#3'&!:UU>[.!TI'&'65&'\!2I#1!

95&&'0,2#53!*'2J''3!)5&7I505$4!,3=!,!1I#62!25J,&=!7#19#G5&4!95&&'1753=1!J'00!J#2I!

7,12!12%=#'1!#3=#9,2#3$!2I,2!7#19#G5&4!),4!599%&!'#2I'&!#3!)5&'!0#)3'2#9!I,*#2,21!*4!

)5&'!12&',)0#3'=!=''7'&O*5=#'=!6#1I!J#2I!2'&)#3,0!)5%2I1!ZS&*5%&!'2!,0.!:U--\!

R35&&,153!,3=!R@d0,153!:UUE[!5&!#3!)5&'!*'32I#9!I,*#2,21!Z"&,1'&!'2!,0.!-DDK\!S=,)1!

'2!,0.!-DDK[.!!

R#)#0,&#2#'1!,)53$!0,@'1!1I5J'=!,!=#66'&'32!2&'3=!JI'3!,3,04M#3$!2I'!

7&575&2#53!56!2I'!9,&*53!#395&75&,2'=!6&5)!2I'!*'32I#9!655=!9I,#3!ZH"/[.!/,&#*5%!

B,@'!,3=!2I'!0,&$'!65&)!#3!T,M#)#3,!B,@'!1I5J'=!,!1#)#0,&!1I#62!25J,&=!=''7'3#3$!

*5=#'1!J#2I!$&',2'&!*'32I#9!&'15%&9'!%1'!,2!0,&$'!1#M'1.!R%))#2!B,@'!,3=!V0#,)3,!B,@'!

J'&'!#312',=!)5&'!1#)#0,&!#3!2I'#&!1057'1!56!#39&',1#3$!*'32I#9!&'15%&9'!%1'!J#2I!

3,&&5J'&!*5=#'1.!TI#1!,77',&1!25!#3=#9,2'!,!1I#62!25J,&=!$&',2'&!0#)3'2#9!&'15%&9'!%1'!

J#2I!7#19#G5&4!#3!V0#,)3,!B,@'\!*%2!2I'!1,)'!'870,3,2#53!9,3352!*'!%1'=!65&!353O

7#19#G5&5%1!R%))#2!B,@'!S&92#9!9I,&&.!V312',=\!7'&I,71!S&92#9!9I,&&!6&5)!R%))#2!B,@'!
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),4!7&5)52'!95'8#12'39'!2I&5%$I!2')75&,0\!17,2#,0!5&!1#M'O&'0,2'=!=#66'&'32#,2#53!#3!
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T,M#)#3,!B,@'!#3=#9,2'1!2I,2!2I'&'!,&'!0#@'04!52I'&!059,2#531!#3!J'12'&3!(5&2I!S)'&#9,!
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752'32#,004!1'G'&'!#)7,921!56!,32I&575$'3#9!=#12%&*,39'!,2!I#$I!0,2#2%='1!ZF5%1'!'2!,0.!

-DDQ\!R9I#3=0'&!,3=!R)50!:UU>[.!!

U0>&/;<;5;39;=&
S=,)1\!/.N.\!,3=!_%32#3$65&=\!".S.!:UU:.!V3I'&#2'=!=#66'&'39'1!#3!I',=!,005)'2&4!#3!
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S0'@1'4'G\!R.R.\!R,)%1'35@\!P.+.\!C,2G''G\!S.(.\!,3=!+#9I%$#3\!C.q.!:UU:.!
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"#+&'()[!#3!&'0,2#53!25!'9505$#9,0!9I,&,92'&1.!+I.<.!TI'1#1\!j5505$4!<'7,&2)'32.!
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B#3=1'4\!/./.\!-DK-.!R259@1!,&'!9I,)'0'531f!70,12#9#24!#3!$#00!&,@'&1!56!95&'$53#=!6#1I'1.!

/,3.!c.!"#1I.!SW%,2.!R9#.!?Kf!-EDQ!g!-;UQ.!

C,0)W%#12\!_.c.\!R35&&,153\!R.R\!R@d0,153\!R.\!c531153\!H.\!R,3=0%3=\!L.T.\!,3=!c53,1153\!

+.C.!-DD:.!<#'2!=#66'&'32#,2#53!#3!7504)5&7I#9!S&92#9!9I,&&!#3!TI#3$G,00,G,23\!

V9'0,3=.!c5%&3,0!56!S3#).!N950.!>-f!:-!g!?;.!
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L]/533'00\!C.".\!,3=!<')7153\!c.H.!:UU:.!TI'!*#505$4!56!2I'!S&92#9!9I,&&\!!"#$%#&'()*

"#+&'()\!56!A,3='&!B,@'\!,!0,&$'\!=''7\!50#$52&7I#9!0,@'!#3!('J65%3=0,3=\!

/,3,=,.!N3G#&53.!H#50.!"#1I.!>Ef!--;!g!-:>.!

+,&1531\!`.c.\!RI''21\!_.<.\!R@d0,153\!R.\!,3=!"'&$%153\!C.C.!:U--.!+I'35247#9!70,12#9#24\!

I'2'&59I&534\!,3=!5325$'3'2#9!&'7,22'&3#3$!=%&#3$!^%G'3#0'!='G'057)'32!56!

=#G'&$'32!S&92#9!9I,&&!Z!"#$%#&'()*"#+&'()[.!c.!NG50.!H#50.!:Ef!->EU!g!->;:.!

+512\!<.C.!:UU:.!X1#3$!12,*0'!#15257'1!25!'12#),2'!2&57I#9!751#2#53f!C5='01\!)'2I5=1!

,3=!,11%)72#531.!N950.!K:?f!QU?!g!Q-K.!

+5J'&\!C.\!<')7153\!c.H.\!F'#12\!c.<.\!R9IJ,&M\!/.c.\!,3=!+5J'&\!A.!:UU;,.!B,2#2%=#3,0!

G,&#,2#53!#3!6'9%3=#24!,)53$!S&92#9!9I,&&!757%0,2#531!#3!',12'&3!(5&2I!

S)'&#9,.!c.!"#1I!H#50.!>Qf!:;;!g!:Q?.!

+5J'&\!C.\!L]/533'00\!C.".\!,3=!<')7153\!c.H.!:UU;*.!N9505$#9,0!1'$&'$,2#53!J#2I#3!,3=!

,)53$!S&92#9!9I,&!)5&7I5247'1!#3!A,3='&!B,@'\!('J65%3=0,3=.!N3G#&53.!H#50.!

"#1I.!Q?f!:>?!g!:QE.!

+5J'&\!C.\!+5J'&\!A.\!F'#12\!c.<.\!,3=!H,^35\!F.!:UUD.!N9505$#9,0!,3=!$'3'2#9!

=#66'&'32#,2#53!,)53$!2I'!S&92#9!9I,&&!56!B,@'!S#$3',%\!(5&2I'&3!�%�*'9.!N950.!

"&'1IJ,2'&!6#1I!-Kf!EE;!g!E>U.!

F!<'G'057)'32!/5&'!T',).!:U--.!Ff!S!0,3$%,$'!,3=!'3G#&53)'32!65&!12,2#12#9,0!

95)7%2#3$.!F!"5%3=,2#53!65&!R2,2#12#9,0!/5)7%2#3$\!P#'33,\!S%12&#,.!VRH(!?O

DUUU;-OUQOU\!XFB!I227feeJJJ.FO7&5^'92.5&$e.!

F5*#3153\!H.Y.\!,3=!R9I0%2'&\!<.!:UUU.!(,2%&,0!1'0'92#53!,3=!2I'!'G50%2#53!56!,=,72#G'!

$'3'2#9!&,=#,2#53!#3!35&2I'&3!6&'1IJ,2'&!6#1I'1.!5/"+6&$%*2%'%6&=*\"1&"6&0'!Z'=1!

C5%11',%\!T.S.\!R#3'&G5\!H.!i!N3=0'&\!c.[\!77.!>;gDE.!L865&=!X3#G'&1#24!+&'11\!

L865&=.!

F5%1'\!Y.F.\!<5%$0,1\!C.R.P.\!_'9@'4\!F.N.\!_'&1I'4\!S.N.\!`0#3$\!A.Y.\!B'1,9@\!B.\!C,&1I\!

+.\!C9<53,0=\!C.\!(#9I50153\!H.c.\!F5%0'2\!(.T.\!,3=!R)50\!c.+.!-DDQ.!N66'921!56!

90#),2'!9I,3$'!53!2I'!J,2'&1!56!,&92#9!,3=!1%*,&92#9!(5&2I!S)'&#9,.!_4=&50.!

+&59.!--f!KQ?ODU:.!

F%11'00\!F.!-DKU.!S!"#1I'&#'1!V3G'325&4!56!Y,2'&1!#3!2I'!B,@'!/0,&@!(,2#53,0!C53%)'32!

S&',.!S0,1@,!<'72.!56!"#1I!,3=!A,)'\!R75&26#1I!<#G#1#53.!-DQ!77.!

R9,3053\!H.+.!:UUU.!2I'!'9505$4!56!2I'!S&92#9!9I,&!,3=!2I'!<5004!P,&='3!#3!H'9I,&56!

B,@'!<&,#3,$'\!S0,1@,.!C.R.!TI'1#1\!X3#G'&1#24!56!S0,1@,.!-U?!77.!

R9I#3=0'&\!<.Y.\!,3=!R)50\!c.+.\!:UU>.!/%)%0,2#G'!'66'921!56!90#),2'!J,&)#3$!,3=!52I'&!

I%),3!,92#G#2#'1!53!6&'1IJ,2'&1!56!S&92#9!,3=!1%*,&92#9!(5&2I!S)'&#9,.!S)*#5!

?;f!->U!g!->K.!

R9I0%2'&\!<.!-DD>.!N9505$#9,0!17'9#,2#53!#3!7512$0,9#,0!6#1I'1.!+I#0.!T&,31.!F.!R59.!B53=.!H*
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?;-f!KUQOK-E.!

R#$%&12'#31=a22#&\!F.c.\!,3=!`&#12^u31153\!H.`.!:UU;.!+,&,00'0!'G50%2#53\!352!,0J,41!15!

7,&,00'0f!95)7,&#153!56!1),00!*'32I#9!9I,&&\!!"#$%#&'()*"#+&'()\!6&5)!A&#)13'1!

,3=!TI#3$G,00,G,23\!V9'0,3=.!N3G#&53.!H#50.!"#1I'1!QEf!:?DO:EE.!

R@d0,153\!R.\!R35&&,153\!R.R.\!(5,@'1\!<.B.A.\!,3=!"'&$%153\!C.C.!-DD>.!A'3'2#9!*,1#1!56!

0#6'!I#125&4!G,&#,2#531!,)53$!14)7,2&#9!)5&7I1!56!S&92#9!9I,&\!!"#$%#&'()*

"#+&'().!,"'<*N<*O&)-<*5W("6<*!=&<*;?f!-KUQO-K-?.!

R@d0,153\!R.\!R35&&,153\!R.R.\!(5,@'1\!<.B.A.\!"'&$%153\!C.C.\!,3=!C,0)W%#12\!_.c.!-DKD.!

R'$&'$,2#53!#3!17,J3#3$!,3=!',&04!0#6'OI#125&4!,)53$!7504)5&7I#9!S&92#9!9I,&&\!

!"#$%#&'()*"#+&'()\!#3!TI#3$G,00,G,23\!V9'0,3=.!c.!"#1I!H#50!?;f!::;O:?:.!

R)#2I\!T.H.\!,3=!R@d0,153\!R.!-DD>.!NG50%2#53,&4!1#$3#6#9,39'!56!&'15%&9'!

7504)5&7I#1)1!#3!6#1I'1\!,)7I#*#,31\!,3=!*#&=1.!S33.!F'G.!N950.!R412').!:Qf!

---!O!-??.!

R35&&,153\!R.R.\!R@d0,153\!R.R.\!c531153\!H.\!C,0)W%#12\!_.c.\!ca3,1153\!+.C.\!R,3=0%3=\!

L.T.\!,3=!B#3=')\!T.!-DDE.!T&57I#9!17'9#,0#M,2#53!#3!S&92#9!9I,&&!!"#$%#&'()*

"#+&'()!Z+#19'1l!R,0)53#=,'[f!)5&7I505$#9,0!=#G'&$'39'!,3=!5325$'3'2#9!3#9I'!

1I#621.!H#50.!c.!B#33.!R59.!;:f!-!g!-K.!

T,405&\!N.H.\!B5J'&4\!N.\!B#00#'12&,0'\!S.\!N0M\!S.\!,3=!�%#33\!T.+.!:UUK.!A'3'2#9!,3,041#1!56!

14)7,2&#9!9I,&&!757%0,2#531!#3!J'12'&3!S0,1@,f!S&92#9!9I,&&!Z!"#$%#&'()*"#+&'()[!

,3=!<5004!P,&='3!Z!"#$%#&'()*3"#3"[!,&'!352!2J5!1#='1!56!2I'!1,)'!95#3.!c.!NG50.!

H#50.!:-f!->UD!g!->:;.!

P,3='&!j,3='3\!C.c.\!,3=!F,1)%11'3\!c.H.!-DDD.!+&#),&4!9531%)'&!!-?/!,3=!!-;(!,3=!

2I'!2&57I#9!751#2#53!56!,W%,2#9!9531%)'&1.!N950.!KUf!-?D;!g!-EUE.!

P,3='&!j,3='3\!C.c.\!,3=!F,1)%11'3\!c.H.!:UU-.!P,&#,2#53!#3!!-;(!,3=!!-?/!2&57I#9!

6&,92#53,2#53f!#)70#9,2#531!65&!,W%,2#9!655=!J'*!12%=#'1.!B#)350.!L9',35$&.!E>f!

:U>-!g!:U>>.!

P,3='&!j,3='3\!C.c.\!/I,3=&,\!R.\!S00'3\!H./.\!F'%2'&\!c.N.\!,3=!A50=),3\!/.F.!:UU?.!

_#125&#9,0!655=!J'*!12&%92%&'!,3=!&'125&,2#53!56!3,2#G'!,W%,2#9!95))%3#2#'1!#3!

2I'!B,@'!T,I5'!Z/,0#65&3#,O('G,=,[!H,1#3.!N951412')1!>f!:QE!g!:KK.!

Y#0153\!S.c.\!Ab10,153\!<.\!R@d0,153\!R.\!R35&&,153\!R.\!S=,)1\!/.N.\!S0'8,3='&\!A.\!

<,3M),33\!F.A.\!,3=!"'&$%153\!C.C.!:UUE.!+57%0,2#53!$'3'2#9!12&%92%&'!56!

S&92#9!9I,&&!!"#$%#&'()*"#+&'()*6&5)!35&2IJ'12!N%&57'!53!0,&$'!,3=!1),00!

17,2#,0!19,0'1.!C50.!N950.!-?f!--:D!O!--E:.!



 

 

142 

)?@A4;5&>0&(667&S;C&=4589485;&13&=8C@59419&D@G;=&S14?&D6S&

134;5=A;91<19&C84&?1R?&1345@=A;91<19&<1=?&712;5=14E[&@&

96FA@51=63&C;4S;;3&,9;D@37&@37&"D@=G@&

>0I&"C=45@94&

TI'!12%=4!56!1%*,&92#9!0,@'!655=!J'*1!#1!#)75&2,32!25!*52I!'9505$#121!,3=!

'G50%2#53,&4!*#505$#121!*'9,%1'!1%9I!0,@'1!9532,#3!6'J!6#1I!17'9#'1!25!599%74!%77'&!

2&57I#9!0'G'01.!TI'#&!=#'2,&4!I,*#21!),4!2I'&'65&'!12&53$04!,66'92!655=!J'*!12&%92%&'.!V3!

,==#2#53\!17'9#'1!2I,2!'8I#*#2!&'15%&9'!7504)5&7I#1)\!1%9I!,1!S&92#9!9I,&&!!"#$%#&'()*

"#+&'()!,3=!2I&''17#3'!12#9@0'*,9@!2")6%10)6%()*"=(#%"6()\!),4!,015!,66'92!655=!J'*1!

2I&5%$I!I#$I!#32&,17'9#6#9!=#'2,&4!G,&#,2#53.!TI'&'65&'\!2I'!5*^'92#G'!56!2I#1!12%=4!J,1!

25!95)7,&'!655=!J'*1!9532,#3#3$!7504)5&7I#9!6#1I!17'9#'1!J#2I!G,&#5%1!3%)*'&1!56!

6#1I!17'9#'1!7&'1'32.!TI#1!12%=4!95)7,&'=!655=!J'*!12&%92%&'!#3!Q!V9'0,3=#9!0,@'1!,3=!

E!S0,1@,3!0,@'1!%1#3$!3,2%&,0!G,&#,2#53!#3!12,*0'!#15257'!&,2#51!!-?/!,3=!!-;(!25!

'12#),2'!2&57I#9!751#2#53!,3=!&'0,2#G'!%1'!56!*'32I#9!,3=!0#)3'2#9!9,&*53!15%&9'1.!TI'!

6#&12!$5,0!J,1!25!95)7,&'!fish resource use among lakes to determine JI'2I'&!

=#66'&'39'1!95%0=!*'!'870,#3'=!*4!&'15%&9'!7,&2#2#53#3$!*52I!J#2I#3!,3=!,)53$!

17'9#'1. S3,041'1!#3=#9,2'=!2I,2!#32'&0,@'!G,&#,*#0#24!J,1!I#$I!#3!15)'!17'9#'1\!'G'3!

JI'3!#32&,0,@'!G,&#,*#0#24!J,1!352.!<#66'&'39'1!#3!&'15%&9'!%1'!*'2J''3!V9'0,3=#9!,3=!

2I'!S0,1@,3!0,@'1!,77',&!&'0,2'=!25!17'9#'1!#32'&,92#531.!TI'!1'953=!$5,0!J,1!25 

,3,04M'!JI'2I'&!&'15%&9'!7504)5&7I#1)!#3!S&92#9!9I,&&\!2I'!7&'1'39'!56!7&'4!6#1I\!5&!

=#'2!56!2I'!7&'4!6#1I!,66'92!G,&#,*#0#24!#3!S&92#9!9I,&&!&'15%&9'!%1'.!F'1%021!#3=#9,2'=!

2I,2!7504)5&7I#1)!#39&',1'=!2I'!&,3$'!#3!*'32I#9!G'&1%1!0#)3'2#9!&'15%&9'!%1'!#3!

S&92#9!9I,&&!JI'3!)5&7I505$#9,0!=#66'&'32#,2#53!J,1!#3G50G'=.!TI'!7&'1'39'!56!
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2I&''17#3'!12#9@0'*,9@!,1!7&'4!#39&',1'=!*&',=2I!#3!2&57I#9!751#2#53!,3=!,22,#3,*0'!

*5=4!1#M'1!#3!S&92#9!9I,&&.!A&',2'&!%1'!56!0#)3'2#9!&'15%&9'1!*4!12#9@0'*,9@!J,1!,015!

2&,31)#22'=!25!I#$I'&!2&57I#9!0'G'01.!TI'!2I#&=!$5,0!J,1!25!2'12!JI'2I'&!=#'2,&4!

*&',=2I!J,1!95&&'0,2'=!J#2I!'3G#&53)'32,0!2&'3=1.!A&',2'&!*&',=2I!#3!0#)3'2#9!5G'&!

*'32I#9!&'15%&9'!%1'!*4!S&92#9!9I,&&!J,1!751#2#G'04!&'0,2'=!25!-[!='72I\!4#'0=#3$!

'G#='39'!65&!2I'!I4752I'1#1!2I,2!$&',2'&!0#)3'2#9!I,*#2,2!,G,#0,*#0#24!#39&',1'1!0#)3'2#9!

&'15%&9'!%1'\!,3=!:[!1%&6,9'!2')7'&,2%&'\!#3=#9,2#3$!2I,2!12&,2#6#9,2#53!5&!&%3O566!),4!

*'!#)75&2,32.!A&',2'&!*&',=2I!#3!2&57I#9!751#2#53!J,1!&'0,2'=!25!1%&6,9'!,&',\!

#3=#9,2#3$!2I,2!$&',2'&!95053#M,2#53!752'32#,0!56!I#$I'&!2&57I#9O0'G'0!),4!*'!#)75&2,32.!!

>0:&,34567894163&

! S&92#9!,3=!1%*,&92#9!0,@'1!,&'!'82&')'!6&'1IJ,2'&!'3G#&53)'321\!,3=!655=!J'*!

12&%92%&'!$,#31!95)70'8#24!2I&5%$I!2I'!#390%1#53!56!G'&2'*&,2'1\!#.'.\!6#1I.!L304!6#1I!J#2I!

,!250'&,39'!65&!950=\!0'11!7&5=%92#G'!'3G#&53)'321!J#2I!1I5&2!$&5J#3$!1',1531!9,3!

#3I,*#2!2I'1'!&'$#531\!0',=#3$!25!05J!6#1I!=#G'&1#24!,2!)5&'!'82&')'!0,2#2%='1!Z+#'3#2M!

'2!,0.!-DDQ\!N=)%3=153!,3=!C,M%)='&!:UU:[.!F'9'32!='$0,9#,2#53\!I#$I!

'3G#&53)'32,0!G,&#,*#0#24\!,3=!*,&&#'&1!&'0,2'=!25!95053#M,2#53!,015!2'3=!25!@''7!6#1I!

=#G'&1#24!05J!#3!2I'1'!&'$#531!ZH'&3,29I'M!i!Y#0153!-DDK\!F5*#3153!i!R9I0%2'&!:UUU\!

A&#66#2I1!:UU>[\!,1!J'00!,1!,66'92!0#)3505$#9,0!,22&#*%2'1.!"5&!'8,)70'\!0,@'1!1%&&5%3='=!

*4!*,&&'3!0,3=!),4!I,G'!0#220'!3#2&5$'3!05,=#3$!6&5)!2'&&'12&#,0!G'$'2,2#53!Z+#'3#2M!'2!

,0.!-DDQ\!B,+'&&#'&'!'2!,0.!:UU?[.!B#)#2'=!2'&&'12&#,0!G'$'2,2#53!),4!,015!&'1%02!#3!05J!

7I517I5&5%1!,3=!=#1150G'=!5&$,3#9!9,&*53!0'G'01\!=%'!25!&'=%9'=!0',9I#3$!Z+#'3#2M!'2!

,0.!-DDQ[.!L3!2I'!52I'&!I,3=\!I#$I!7I517I5&5%1!0'G'01!),4!&'1%02!6&5)!$&',2'&!'&51#53!

,3=!&%3O566!#3!0'11!G'$'2,2'=!,&',1!ZB,+'&&#'&'!'2!,0.!:UU?[.!(#2&5$'3!0#)#2,2#53!#1!

2I'&'65&'!352!%395))53!ZB'G#3'!,3=!YI,0'3!:UU-\!B,+'&&#'&'!'2!,0.!:UU?[\!7511#*04!
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&'1%02#3$!#3!&'=%9'=!0#)3'2#9!7&5=%92#G#24!2I,2!,66'921!JI50'O0,@'!)'2,*50#9!7,22'&31!

,3=!3%2&#'32!9490'1!Z�*'&$!'2!,0.!:UUQ\!S1@!'2!,0.!:UUD[.!V3!%37&5=%92#G'!0,@'1\!2I'!

0#)3'2#9!655=!9I,#3!),4!I,G'!1%*12,32#,0!W%,32#2#'1!56!9,&*53!6&5)!*'32I#9!Z/50'!'2!,0.!

:UU>\!F,%2#5!,3=!P#39'32!:UUQ\!/50'!'2!,0.!:U--[!5&!,0059I2I535%1!15%&9'1!Z`,&01153!'2!

,0.!:UU?\!/,&7'32'&!'2!,0.!:UU;\!F,%2#5!,3=!P#39'32!:UUQ[\!0#3@#3$!6#1I!7&5=%92#53!J#2I!

*'32I#9!&'15%&9'1!ZR#'&1M'3!'2!,0.!:UU?\!P,='*5395%'&!'2!,0.!:UU;[.!!

A#G'3!2I'1'!953=#2#531!#3!1%*,&92#9!,3=!,&92#9!0,@'1\!2I'!&'0,2#G'!9532&#*%2#531!

56!0#)3'2#9!,3=!*'32I#9!9,&*53!25!6#1I!=#'21!0#@'04!G,&#'1!J#2I!-[!7I41#9,0!,3=!9I')#9,0!

,22&#*%2'1!56!2I'!'3G#&53)'32!2I,2!9532&50!655=!,G,#0,*#0#24\!:[!*'I,G#5&,0!2'3='39#'1!56!

2I'!#3I,*#2#3$!17'9#'1!25!%1'!9'&2,#3!&'15%&9'1!5G'&!52I'&1\!,3=!?[!17'9#'1!#32'&,92#531!

2I,2!),4!&'=%9'!2I'!'66'92#G'!&,3$'!56!655=!,G,#0,*0'.!V3!2I'!6#&12!9,1'\!2I'!#37%2!56!

2'&&'12&#,0!#31'921!,1!,3!,0059I2I535%1!655=!15%&9'\!JI#9I!9,3!*'!1%*12,32#,0\!0#@'04!

=5'1!2I'!1,)'\!,1!#2!9I,3$'1!J#2I!2'&&'12&#,0!I,*#2,2!Z`,J,$%9I#!,3=!(,@,35!:UU-\!

/50'!'2!,0.!:UU>[!,3=!0#)3'2#9!7&5=%92#53!Z/,&7'32'&!'2!,0.!:UU;[.!V3!2I'!1'953=!9,1'\!

17'9#'1!),4!9531%)'!,!3,&&5J!&,3$'!56!=#'2,&4!#2')1!=%'!25!95312&,#321!#3!'66#9#'394!

&'0,2'=!25!1#M'!5&!)5&7I505$4\!5&!2I'4!),4!'8I#*#2!,!I#$I!='$&''!56!)5&7I505$#9,0!,3=!

=#'2,&4!G,&#,*#0#24\!65&!'8,)70'!JI'3!2I'!17'9#'1!'8I#*#21!&'15%&9'!7504)5&7I#1)!

ZR@d0,153!,3=!R)#2I!-DD;[.!V3!2I'!2I#&=!9,1'\!=#'2,&4!*'I,G#5&!),4!,015!='7'3=!53!

#32'&17'9#6#9!#32'&,92#531\!1%9I!,1!95)7'2#2#53!ZB,3$'0,3=!'2!,0.!-DD-\!_'12I,$'3!'2!,0.!

-DDQ\!"5&1'2I!'2!,0.!:UU?[!5&!7&'=,2#53!ZB]S*�'OB%3=!'2!,0.!-DD:\!B]S*�'OB%3=!'2!,0.!

-DD?\!T533!'2!,0.!:UUE\!S)%3=1'3!'2!,0.!:UUD[.!TI'&'65&'\!,3!%3='&12,3=#3$!56!

'3G#&53)'32,0!6,925&1\!G,&#,2#53!J#2I#3!2I'!17'9#'1\!,3=!17'9#'1!#32'&,92#531!,&'!

3'9'11,&4!95)753'321!65&!12%=4#3$!G,&#,2#53!#3!1%*,&92#9!655=!J'*1.!

! TI#1!12%=4!,3,04M'=!655=!J'*1!56!1%*,&92#9!0,@'1\!659%1#3$!53!6#1I!655=!I,*#21.!
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Y'!%1'=!2I'!3,2%&,004!G,&4#3$!12,*0'!#15257'1!&,2#51!!-?/!,3=!!-;(\!1%775&2'=!*4!=#'2!

=,2,\!25!95)7,&'!I5J!655=!J'*1!G,&4!J#2I!2I'!17'9#'1!7&'1'32!,3=!'3G#&53)'32,0!

9I,&,92'&#12#91.!V3!6&'1IJ,2'&!12%=#'1\!2I'!&,2#5!-?/!25!#21!0#$I2'&!#15257'!-:/!I,1!*''3!

95))5304!%1'=!25!=#12#3$%#1I!*'32I#9!9,&*53!15%&9'1\!JI#9I!2'3=!25!I,G'!,3!'3&#9I'=!

#15257'!&,2#5!Z#.'.\!I#$I'&!!13
C value[!&'0,2#G'!25!0#)3'2#9\!2'&&'12&#,0\!5&!7&56%3=,0!

9,&*53!15%&9'1!=%'!25!,!*5%3=,&4!0,4'&!'66'92!ZP,3='&!j,3='3!,3=!F,1)%11'3!-DDD\!

c'77'1'3!'2!,0.!:UU:\!_'&1I'4!'2!,0.!:UU>[.!TI'!&,2#5!56!-;( to its lighter isotope -E(!#1!,!

953G'3#'32!)',1%&'!56!2&57I#9!751#2#53!=%'!25!#21!2'3='394!25!6&,92#53,2'!,1!#2!#1!

)'2,*50#M'=\!2I'&'*4!*'95)#3$!'3&#9I'=!*4!,77&58#),2'04!3.4‰ with each increase in 

trophic position (Cabana and Rasmussen 1996, Post et al. 2002). Stable isotope ratios are 

integrated over the time span of the organism’s tissue turnover rate (Gannes et al. 1998, 

Kelly et al. 2000), yielding a powerful tool to augment gut content studies, which only 

reveal recent consumption (Gannes et al. 1998, Kelly et al. 2000). However, diet studies 

yield higher taxonomic resolution and are helpful in distinguishing potentially confounding 

dietary sources; therefore, the comparison of stable isotope data with diet data is an 

important step for grounding interpretations (Matthews and Mazumder 2004). 

! The first goal of this study was to detect whether species varied among lakes in 

allometric trends of resource use and JI'2I'&!2I'1'!=#66'&'39'1!95%0=!*'!'870,#3'=!*4!

&'15%&9'!7,&2#2#53#3$!*52I!J#2I#3!,3=!,)53$!17'9#'1. H4!%1#3$!12,*0'!#15257'!

1#$3,2%&'1!56!!13
C and !

15
N, we analyzed relative use of the benthic versus limnetic food 

chains and trophic positions of fish communities in 11 subarctic lakes in Iceland and 

Alaska. Our study focused on these sites because both are of similar latitude, have similar 

postglacial histories, and contain resident Arctic charr Salvelinus alpinus and threespine 

stickleback Gasterosteus aculeatus; yet, they differ greatly in species diversity and 
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geological activity. Iceland has relatively depauperate flora and fauna due to the great 

colonization distance from continental sources (Jónasson et al. 1998). Therefore,!J'!

'87'92'=!2I,2!#39&',1'=!#32'&17'9#6#9!#32'&,92#531!=%'!25!$&',2'&!=#G'&1#24!56!2I'!&'$#53!

J5%0=!&'=%9'!#32&,17'9#6#9!=#G'&1#24!#3!S&92#9!9I,&&\!*%2!2I,2!$'3'&,004!1#)#0,&!=#'2,&4!

12&,2'$#'1!J5%0=!*'!9531'&G'=!*'2J''3!&'$#531.!!

R'953=\!J'!,3,04M'=!JI'2I'&!&'15%&9'!7504)5&7I#1)!#3!S&92#9!9I,&&\!2I'!

7&'1'39'!56!7&'4!6#1I\!5&!=#'2!56!2I'!7&'4!6#1I!,66'92!G,&#,*#0#24!*'2J''3!*'32I#9!G'&1%1!

0#)3'2#9!&'15%&9'!%1'!#3!S&92#9!9I,&&!&'15%&9'!%1'.!We focus on lakes with Arctic charr 

and threespine stickleback, because both consume a wide range of resources and may 

exhibit resource polymorphism, in which morphological differences are associated with 

differential resource consumption (Robinson and Wilson 1994, Skúlason and Smith 1995). 

Threespine stickleback are main prey for Arctic charr when present (B]S*�'OB%3=!'2!,0.!

-DD:\!S)%3=11'3!-DDE\!Gu%bersson 2004), but can also compete for resources with 

juvenile Arctic charr (Klemetsen et al. 2002). V6!12#9@0'*,9@!,&'!,!),#3!655=!15%&9'!65&!

S&92#9!9I,&&\!2I'#&!G,&#,*#0#24!#3!*'32I#9!G'&1%1!0#)3'2#9!655=!9I,#31!1I5%0=!*'!

2&,31)#22'=!%7!2I'!655=!9I,#3.!!

"#3,004\!J'!2'12'=!JI'2I'&!=#'2,&4!*&',=2I\!,1!#3=#9,2'=!*4!&,3$'1!#3!*'32I#9!

G'&1%1!0#)3'2#9!655=!9I,#3!%1'!,3=!2&57I#9!751#2#53\!J,1!95&&'0,2'=!J#2I!

'3G#&53)'32,0!2&'3=1.!Y'!'87'92'=!=#'2,&4!*&',=2I!25!#39&',1'!%3='&!953=#2#531!56!

$&',2'&!0#)3'2#9!655=!,G,#0,*#0#24\!JI#9I!95%0=!*'!,9I#'G'=!#3!-[!=''7'&!0,@'1!2I,2!I,G'!

0,&$'&!&,2#51!56!0#)3'2#9!f!*'32I#9!I,*#2,21!ZY'2M'0!-DDU[\!:[!0,@'1!J#2I!,!0,&$'&!1%&6,9'!

,&',\!JI#9I!),4!4#'0=!)5&'!=#G'&1'!7&'4!=%'!25!95053#M,2#53!'66'921!,3=!I,*#2,2!

=#G'&1#24!Z+512!'2!,0.!:UUU[\!5&!?[!05J'&!,02#2%='!0,@'1\!1#39'!05J'&!2'&&'12&#,0!

G'$'2,2#53!,2!I#$I'&!0,2#2%='1!,3=!,02#2%='1!&'=%9'1!0#)3'2#9!3%2&#'32!,G,#0,*#0#24!
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Z+#'3#2M!'2!,0.!-DDQ\!N=)%3=153!,3=!C,M%)='&!:UU:\!B,+#'&&'!'2!,0.!:UU?[.!_5J'G'&\!

05J!,02#2%='1!,&'!,015!,1159#,2'=!J#2I!I#$I'&!*'32I#9!#3G'&2'*&,2'!,*%3=,39'!,3=!

=#G'&1#24!ZC,0)W%#12!'2!,0.!:UUU[\!7511#*04!95%32'&,92#3$!,34!2&'3=!56!$&',2'&!

,G,#0,*#0#24!56!0#)3'2#9!655=!53!,!&'0,2#G'!19,0'!25!*'32I#9!,G,#0,*#0#24. 

>0K&L;4?67=&
!-(?7*)&-%)*

! TI'!12%=4!0,@'1!J'&'!9I51'3!65&!,99'11!,3=!*'9,%1'!2I'4!9532,#3'=!&'15%&9'!

7504)5&7I#1)!,3=!05J!17'9#'1!=#G'&1#24.!TI#3$G,00,G,23\!,!0,&$'\!=''7!0,@'\!#3!,!

$'505$#9,004!45%3$!&'$#53!56!V9'0,3=\!#1!)51204!17&#3$O6'=\!,3=!9532,#31!65%&!95'8#12#3$!

S&92#9!9I,&&!)5&7I1!,1!J'00!,1!,!7&5=%92#G'!S&92#9!9I,&&!6#1I'&4!ZR35&&,153!,3=!

R@d0,153!'2!,0.!:UUE[.!R7&#3$O6'=!0,@'1!2'3=!25!*'!I#$I!#3!3%2&#'32!,3=!#53!

9539'32&,2#531!=%'!25!2I'#&!1#2%,2#53!53!$'505$#9,004!45%3$\!',1#04!'&5=#*0'!7512$0,9#,0!

*'=&59@!Z`,&12OF#==59I!'2!,0.!:UUD[.!TI&''17#3'!12#9@0'*,9@!I,G'!=#66'&'32#,2'=!#325!

2J5!65&)1!#3!2I#1!0,@'\!,3=!2&,G'0!0#220'!*'2J''3!2I'!2J5!7&52'92'=!I,*#2,21!56!

),9&57I42'!T&6%##"*0+"="!*'=1!,3=!0#225&,0!&59@4!M53'1!=%'!25!7&'=,2#53!&#1@!

Z`&#12^u31153!'2!,0.!:UU:[.!A,02,*a0\!P'12%&!"&#h)%3=,&G,23\!P,23I0bh,&G,23\!

_v$3,G,23\!,3=!TI&bI4&3#3$1G,23!,&'!,00!059,2'=!,2!I#$I!'0'G,2#531\!,02I5%$I!2I'#&!

1%&&5%3=#3$!G'$'2,2#53!,3=!J,2'&!15%&9'1!G,&4.!`,&12OF#==59I!'2!,0.!Z:UUD[!90,11#6#'=!

A,02,*a0!,3=!TI&bI4&3#3$1G,23!,1!G,00'4!0,@'1\!9I,&,92'&#M'=!*4!$&',2'&!='72I1\!6'J'&!

3%2&#'321!,3=!=#1150G'=!5&$,3#9!9,&*53!Z<L/[!6&5)!0'11!G'$'2,2'=!9,29I)'321\!,3=!

=#0%2'!#53#9!9539'32&,2#531.!A,02,*a0!#1!,015!2I5%$I2!25!9532,#3!2J5!65&)1!56!12#9@0'*,9@!

0#@'J#1'!599%74#3$!=''7'&!)%=!,3=!1I,005J!0#225&,0!,&',1\!,02I5%$I!0#220'!#365&),2#53!

53!=#'2,&4!=#66'&'39'1!#1!,G,#0,*0'!Zca31153!:UU:[.!P'12%&!"&#h)%3=,&G,23!J,1!

90,11#6#'=!,1!,!70,2',%!0,@'\!9I,&,92'&#M'=!*4!,!1I,005J!='72I!,3=!I#$I'&!3#2&5$'3\!#53\!
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,3=!<L/!9539'32&,2#531!=%'!25!0',9I#3$!6&5)!755&04!=&,#3'=!G'$'2,2'=!ZI',2I[!

9,29I)'321!,3=!$&',2'&!J#3=O#3=%9'=!&'1%17'31#53.!c%=$#3$!6&5)!2I'!9I')#9,0!

9I,&,92'&#12#91!,3=!I',2I!1%&&5%3=#3$1!56!P,231I0bh,&G,23\!R#$%&h%&12,h,G,23\!,3=!2I'!

0,@'1!9532,#3#3$!5304!12#9@0'*,9@!Z_a0),G,23\!_a01G,23\!,3=!R,%&,G,23[\!2I'1'!0,@'1!

J5%0=!0#@'04!*'!#390%='=!#3!2I#1!9,2'$5&4.!V3!,==#2#53\!,02I5%$I!R#$%&h%&12,h,G,23!=5'1!

352!,77',&!25!*'!#360%'39'=!*4!),&#3'!J,2'&\!,1!#3=#9,2'=!*4!05J!953=%92#G#24\!#2!#1!

1'7,&,2'=!6&5)!2I'!59',3!5304!*4!,!6'J!)'2'&1!56!,!1I,005J!J,2'&6,00!5G'&!,!&59@4!

*',9I!2I,2!,921!,1!,!6#1I!*,&&#'&.!_5J'G'&\!2I'!0,@'!),4!12#00!*'!#360%'39'=!*4!2I'!

),&#3'!'3G#&53)'32!#3!52I'&!),33'&1\!1%9I!,1!2I'!2&,316'&!56!),&#3'!3%2&#'321!*4!

#31'921!5&!1',*#&=1!,3=!2I'!7&'1'39'!56!,!35&),004!),&#3'!2"33"1()*17.!,1!,!95))53!

655=!65&!S&92#9!9I,&&!Z/I,72'&!-[.!_v$3,G,23!J,1!9,2'$5&#M'=!,1!,!=#&'92O&%3566!0,@'\!

JI#9I!#1!1#)#0,&!25!G,00'4!0,@'1!#3!I,G#3$!05J!G'$'2,2#G'!95G'&!*%2!#1!J,&)'&!,3=!

1I,005J'&!J#2I!$&',2'&!<L/\!3#2&5$'3\!,3=!#53!9539'32&,2#531.!

! TI'!S0,1@,3!0,@'1!,&'!,00!059,2'=!#3!15%2IJ'12'&3!S0,1@,.!V0#,)3,!B,@'!#1!2I'!

0,&$'12!0,@'!#3!S0,1@,!,3=!2I'!`G#9I,@!F#G'&!9,29I)'32\!25!JI#9I!#2!*'053$1\!9532,#31!

%7!25!:;!&'1#='32!Z353O,3,=&5)5%1[!6#1I!17'9#'1!Z`0#3'!'2!,0.!-DD?[.!TI'!`G#9I,@!F#G'&!

9533'921!V0#,)3,!B,@'!25!H&#1250!H,4\!,3=!#21!J,2'&1I'=!1%770#'1!17,J3#3$!,3=!&',&#3$!

I,*#2,2!65&!53'!56!2I'!)512!7&5=%92#G'!H&#1250!H,4!159@'4'!1,0)53!ZP'=01-.'=-()*

'%1I"[!6#1I'&#'1.!"5&!2I#1!&',153\!V0#,)3,!B,@']1!,)*#'32!!15
N!G,0%'1!,&'!'0'G,2'=!*4!

2I'!#360%8!56!),&#3'!='&#G'=!3%2&#'321!=%&#3$!,33%,0!1,0)53!&%31!Z`0#3'!'2!,0.!-DD?[.!

V0#,)3,!B,@'!J,1!1,)70'=!,2!#21!',12'&3!'3=!,2!1#2'1!3',&!2I'!X3#G'&1#24!56!Y,1I#3$253!

ZXY[!6#'0=!9,)7.!R%))#2!B,@'1!,&'!,!1'2!56!2J5!1),00\!=''7!I',=J,2'&!0,@'1!1#2%,2'=!

n-;!@)!6&5)!V0#,)3,!B,@'!,3=!nE!@)!6&5)!2I'!A%06!56!S0,1@,!53!,!=#G#=#3$!)5%32,#3!

7,11.!R%))#2!B,@'1!,&'!#150,2'=!6&5)!V0#,)3,!B,@'!*4!,!*,&&#'&!J,2'&6,00\!15!2I,2!5304!
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2I'!10#)4!19%07#3!,066()*=0:'"6()*,3=!S&92#9!9I,&&!,&'!&'1#='32!6#1I'1.!R%))#2!B,@'!

J,1!,015!2I'!5304!S0,1@,3!0,@'!2I,2!J,1!1%&&5%3='=!*4!1I&%**'&4!&,2I'&!2I,3!65&'12.!

B5J'&!,3=!X77'&!T,M#)#3,!0,@'1!,015!=&,#3!#325!V0#,)3,!B,@'!G#,!2I'!('JI,0'3!F#G'&.!!

TI'4!,&'!&'0,2#G'04!0,&$'!0,@'1!Z,77&58.!-:.;!,3=!-:.;!@)!053$\!-.:!,3=!:.D!@)!

),8#)%)!J#=2I!&'17'92#G'04[!#3!,3!,77&58.!DUU!@):!65&'12'=!$0,9#,0!9,29I)'32!*,1#3!

ZF%11'00!-DKU[.!TI'!6#1I'1!56!2I'!T,M#)#3,!0,@'1!ZS&92#9!9I,&&\!S&92#9!$&,40#3$!

S-.3"##()*"1=6&=()\!10#)4!19%07#3\!,3=!2I&''17#3'!12#9@0'*,9@[\!,&'!1'7,&,2'=!6&5)!

=5J312&',)!R#8)#0'!B,@'!*4!,!0,&$'!*,&&#'&!J,2'&6,00!#3!2I'!T,M#)#3,!F#G'&!Zn?U!)!

I'#$I2[.!B5J'&!T,M#)#3,!B,@'!J,1!1,)70'=!,2!2I'!3,&&5J1!56!2I'!15%2IJ'12'&3!'3=.!

/,&#*5%!B,@'1!,&'!,!1'&#'1!56!I#$IO'0'G,2#53!1),00\!1I,005J!0,@'1!059,2'=!,2!2I'!

I',=J,2'&1!56!2I'!`5@1'23,!F#G'&!,3=!1%&&5%3='=!*4!,!95)*#3,2#53!56!65&'12!,3=!

2%3=&,!#3!2I'!)5%32,#31!35&2I!56!B,@'!/0,&@!(,2#53,0!+,&@.!B#220'!#1!@35J3!,*5%2!2I'1'!

0,@'1\!*%2!2I'4!,&'!6'=!*4!,!95)*#3,2#53!56!135J)'02!,3=!17&#3$1.!TI'!&'1#='32!6#1I'1\!

#390%=#3$!S&92#9!9I,&&\!S&92#9!$&,40#3$\!2I'!74$)4!JI#2'6#1I!@10)0+&(3*=0(#6%1&&\!,3=!

10#)4!19%07#3\!,&'!0#@'04!1'7,&,2'=!6&5)!)5&'!=#G'&1'!=5J312&',)!6#1I'1!*4!1'G'&,0!

1'21!56!&,7#=1!,053$!2I'!`5@1'23,!F#G'&!#3!2I'!B,@'!/0,&@!=&,#3,$'!1412')!ZF%11'00!'2!

,0.!-DKU[.!TI%1!2I'!65%&!S0,1@,3!0,@'1!J'!1,)70'=!,&'!,00!#3!2I'!1,)'!0,&$'!=&,#3,$'!

*,1#3.!V2!1I5%0=!*'!')7I,1#M'=!2I,2!V0#,)3,!B,@'!#1!G'&4!0,&$'!,3=!5%&!1,)70#3$!9,3352!

*'!2,@'3!25!&'7&'1'32!2I'!=#G'&1#24!56!9I,&&!#3!2I'!'32#&'!0,@'.!

9&)>*)"2+#&':*"'?*%'$&60'2%'-"#*?"-"*

S&92#9!9I,&&!J'&'!1,)70'=!#3!V9'0,3=#9!0,@'1!=%&#3$!53'!1,)70#3$!'G'32!c%04!g!

R'72')*'&!:UUD!ZT,*0'!;.-[!*4!1'22#3$!,!J#='!&,3$'!#3!)'1I!1#M'1!6&5)!,!B%3=$&'3!

1'&#'1!56!;!g!Q!1#3$0'O12&,3=!34053!1#3@#3$!$#00!3'21!#3!2I'!0#225&,0!M53'!7'&7'3=#9%0,&!25!

1I5&'\!6&5)!9,.!:!)!='72I!5%2O!,3=!=5J3J,&=1\!,3=!2I'3!0'62!'#2I'&!65&!n!:!I&!
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ZP,23I0bh,&G,23[!5&!5G'&3#$I2.!TI'!$#00!3'21!J'&'!:;!)!053$!,3=!-.;!)!I#$I!J#2I!)'1I!

1#M'1!-:.;\!-;.;\!-D.;\!:-.;\!:E.U\!:D.U\!?;.U\!E?.U\!,3=!;;.U!))!@352!25!@352.!TI&''17#3'!

12#9@0'*,9@!J'&'!9,%$I2!J#2I!)#335J!2&,71!#3!-!g!:!)!J,2'&!56!0#225&,0!M53'1.!V3!

TI#3$G,00,G,23\!12#9@0'*,9@!J'&'!,015!9,%$I2!5661I5&'!#3!)#335J!2&,71!,2!n-E!)!

='72I.!N3G#&53)'32,0!=,2,!65&!V9'0,3=#9!0,@'1!J'&'!='&#G'=!6&5)!2I'!N9505$#9,0!R%&G'4!

56!V9'0,3=#9!B,@'1!ZNRVB[!=,2,*,1'!Z1''!C,0)W%#12!'2!,0.!:UUU\!`,&12OF#==59I!'2!,0.!

:UUD\!,3=!/I,72'&!-!65&!='2,#01[.!N3G#&53)'32,0!=,2,!#390%='=!G50%)'!,1!,!I47'&*50#9!

1#3%15#=!Z_PLB[\!9,09%0,2'=!,1!U.E?!8!),8#)%)!='72I!8!1%&6,9'!,&',!Z+512!'2!,0.!:UUU[l!

1%&6,9'!,&',!ZRS[\!)',3!='72I!Z<[\!1%&6,9'!2')7'&,2%&'!ZRT[\!,02#2%='!ZSBT[\!252,0!

3#2&5$'3!25!252,0!7I517I5&5%1!&,2#5!ZT(T+[\!,3=!2J5!=#G'&1#24!#3=#9'1!2,@'3!6&5)!

#3G'&2'*&,2'!1%&G'41!56!2I'!0#225&,0!1253'!I,*#2,2f!2I'!RI,3353!#3='8!ZR_[!,3=!

C,&$,0'6]1!<!ZC<[.!V3!2I'!NRVB!7&5^'92\!1253'!I,*#2,2!#3G'&2'*&,2'1!J'&'!1,)70'=!6&5)!

2I'!1I,005J!ZU.:!g!U.;!)[!&59@4!0#225&,0!I,*#2,2!,2!E!g!>!12,2#531!17&',=!,&5%3=!2I'!

0,@'1I5&'\!6&5)!JI#9I!;!-U!g!-;!9)!1253'1!6&5)!:U!g!;U!9)!='72I!J'&'!2,@'3!,3=!

1,)70'=!65&!#3G'&2'*&,2'1!ZC,0)W%#12!'2!,0.!:UUU[.!<'2,#01!56!7&'4!$&5%7!65&),2#53!,&'!

$#G'3!#3!/I,72'&!-\!*%2!,*%3=,39'!56!7511#*0'!7&'4!$&5%71!J'&'!953150#=,2'=!,1!6#1I!

Z2I&''17#3'!12#9@0'*,9@[\!13,#01!Z8"/&9*+%1%:1"[\!%3#53#=!7',!90,)1!Z@&)&/&(3*177.[\!

,=%02!,W%,2#9!#31'921\!*'32I#9!90,=59'&,31\!M5570,3@253\!9,==#1604!0,&G,'!Z4&3'%+-&#()*

,3=!5+"6"'&"*177.[\!2'&&'12&#,0!#31'921\!9I#&535)#=!0,&G,'\!,W%,2#9!#31'92!7%7,'\!

,)7I#75=1!Z2"33"1()*17.[\!,3=!2,=750'!1I&#)7!Z4%+&/(1()*"1=6&=()[.!
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TI'!S0,1@,3!0,@'1!J'&'!1,)70'=!S%$%12!g!R'72')*'&!:U-U!ZT,*0'!;.-[!*%2!-U!

,==#2#53,0!S&92#9!9I,&&!J'&'!1,)70'=!6&5)!R%))#2!B,@'!53!:E!S%$%12!:UUD\!,3=!=,2,!
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6&5)!->!S&92#9!9I,&&\!?!S&92#9!9I,&&!6#3$'&0#3$!Z|!E!9)[\!?!159@'4'!6#3$'&0#3$!Z|!E!9)[\!>!

19%07#3\!,3=!>!2I&''17#3'!12#9@0'*,9@!6&5)!V0#,)3,!B,@'!J'&'!#390%='=!6&5)!1,)70#3$!

#3!c%3'!25!R'72')*'&!:UUQO:UUK!Z<'3253!'2!,0.!:U-U[.!S&92#9!9I,&&!,3=!2I'!&,#3*5J!

2&5%2!P'=01-.'=-()*3.I&))!J'&'!9,%$I2!#3!V0#,)3,!B,@'!%1#3$!,!95)*#3,2#53!56!,3$0#3$!

,3=!*',9I!1'#3#3$!,2!"%'0!<%)7!V10,3=.!As the northern pike Esox lucius is difficult to 

target in Iliamna Lake, it was captured from a small neighboring lake (Stonehouse Lake, 

positioned only ~10 m from Iliamna Lake shore) that contains no other fish species and 

included only for descriptive purposes. !S&92#9!9I,&&\ Arctic grayling, and pygmy whitefish!

J'&'!9500'92'=!%1#3$!:!g!?!1#3@#3$!paneled gill nets: 2I'!6#&12!)%02#6#0,)'32!3'2!

9532,#3'=!1#M'1!56!-U\!-?\!-Q\!:U\!::\!,3=!:E!))!)'1I!1#M'1!Z;Q!)!053$!8!-.>!)!=''7[\!

2I'!1'953=!monofilament net had mesh sizes 13, 19, 25, 38 and 50 mm mesh sizes (38.1 m 

long x 1.8 m deep), and the third monofilament net contained 13, 25, 51, and 102 mm mesh 

sizes (30.5 m long x 1.8 deep).!Gill nets were set perpendicular to shore, were additionally 

set in deeper (~10 m) regions of Summit Lake, and were left overnight. "5&!,00!0,@'1\!

threespine stickleback and slimy sculpin were captured using minnow traps. Physical data 

for Iliamna Lake were based on data from Kline et al. (1993), and ALT and SA of Summit, 

Lower Tazimina, and Caribou lakes were estimated using satellite imagery by including all 

lakes that were connected by less than 1 km. Maximum depth was measured using a depth 

sounder in Summit Lake and was taken from a survey of Lake Clark National Park for 

Lower Tazimina and Caribou lakes (Russell, 1980). For Arctic charr, Arctic grayling, and 

pygmy whitefish captured in 2010, gut contents were analyzed by sorting and categorizing 

prey contents as fish (various stickleback species for Iliamna Lake, slimy sculpin for all 

others), snails, pea clams, cinereus shrew, aquatic insect pupae, terrestrial insects (including 

culicid larvae), caddisfly larvae, chironomid larvae, or zooplankton.  



 

 

153 

For all Arctic charr, Arctic grayling, pygmy whitefish, and threespine stickleback, 

pictures were taken from which standard lengths (threespine stickleback) and fork lengths 

(all others) were measured using ImageJ v. 1.44o. For Arctic charr, sex and maturity status, 

categorized either as categorized either as juvenile (no development in gonads: ovaries < 

1/3 body length and eggs < 1 mm diameter; no development in testes) or mature (any 

evidence of current or past gonadal development: lengthening of ovaries or increase in egg 

size; thickening of testes), were checked to aid in the assignment of individuals to different 

forms in polymorphic lakes.  

! +,12!12%=#'1!I,G'!'12,*0#1I'=!2I'!7&'1'39'!56!7504)5&7I#1)!#3!0,@'1!%3='&!

12%=4!#3!V9'0,3=!Zca31153!,3=!R@d0,153!:UUU\!ca31153!:UU:\!/I,72'&!?[!,3=!S0,1@,!

Z/I,72'&!E[.!"5&!V9'0,3=#9!0,@'1!@35J3!25!*'!7504)5&7I#9\!)5&7I1!J'&'!,11#$3'=!

G#1%,004!,995&=#3$!25!,!95)*#3,2#53!56!7#92%&'1!,3=!),2%&#24!12,2%1!,2!1),00!1#M'1.!V3!,00!

9,1'1\!2I'!6#&12!65&)!J,1!'#2I'&!)5&'!0#)3'2#9!5&!7#19#G5&5%1\!,3=!2I'!1'953=!65&)!

&'60'92'=!,!*'32I#9!17'9#,0#12\!247#9,004!1),00'&!,3=!J#2I!,!)5&'!1%*2'&)#3,0!)5%2I!

,3=!=''7'&!),8#00,.!!C5&7I!,11#$3)'32!#3!V9'0,3=#9!0,@'1!J,1!*,1'=!53!/I,72'&!E.!

Dorsal muscle plugs were taken for stable isotope analyses of all species except 

rainbow trout, from which caudal fin clips were taken, and northern pike, from which 

caudal muscle plugs were taken. For both Alaskan and Icelandic lakes, littoral stone and 

mud habitats (>1 m deep) were scoured for benthic invertebrate samples to be used as 

baseline values for stable isotope analyses, and zooplankton samples were taken using 125 

µ plankton tow net in Iceland and a 153 µ tow net in Alaska. Tows were vertical unless 

limitations due to shallow depths required horizontal towing. Zooplankton were left in lake 

water for at least 3 hours and benthic invertebrates were left overnight to clear guts before 

being sampled. All samples from Iceland were preserved in 95% EtOH for a few weeks, 
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whereas all samples from Alaska were frozen. Both were dried at 50° C, crushed, and sent 

to University of California (UC) Davis Stable Isotope Facility for analysis of natural levels 

of !
13

C and !
15

N stable isotope ratios using a Europa Hydra 20/20 continuous flow isotope 

ratio mass spectrometer. Ratios are expressed as parts per thousand difference relative to the 

international standard: ! = 1000 * (Rsample – Rstandard) / Rstandard, where R is the ratio of the 

heavier, more rare isotope (
13

C or 
15

N) over the common isotope (
12

C or 
14

N). The 

international standard ratios based on V-PDB (Vienna Pee-Dee belemnite) carbon and 

atmospheric nitrogen were used for Rstandard. Nylon, peach leaf, glutamic acid, and enriched 

glutamic acid standards were used to calibrate the spectrophotometer against NIST 

Reference Materials and indicated machine standard deviation as < 0.20 for 
13

C and < 0.50 

for 
15

N. For each species whose guts were examined, frequency of occurrence was 

calculated for each prey category and consolidated for comparison with stable isotope 

analyses (Table 5.2). 

!-"4#%*&)0-0+%*"'"#7)&)*

Before statistical analyses, stable isotope values were 1) corrected for ethanol 

preservation (Icelandic samples only), 2) corrected for the reduced ability of small fish 

muscle tissue to reflect whole-body values, and 3) normalized for lipid content. For the first 

step, Icelandic stickleback samples were corrected for ethanol preservation according to the 

mean difference between samples preserved in ethanol or not (!
13

C: -0.45, !
15

N: -0.07; 

Vander Zanden et al. 2003). Icelandic Arctic charr samples were corrected by using a linear 

relationship with length found for Arctic charr by Kelly et al. (2006), but predicted values 

for the maximum and minimum lengths of their Arctic charr were used to correct 

individuals above (-0.27 and -0.49) and below (-1.07 and -0.23) the length range of their 

data, respectively. The !
13

C and !
15

N for Icelandic aquatic invertebrate samples were 
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adjusted for ethanol preservation using mean parameters calculated for aquatic invertebrates 

by Ventura and Jeppesen et al. (2009). For the second step, all stickleback, sculpin, and 

sockeye !
15

N values < 9 cm length were reduced by 0.32 according to Schielke and Post 

(2010). For the third step, all fish were normalized for lipid content according to Kiljuenen 

et al. (2006), but as they found no relationship in invertebrates, no adjustment was made. 

!@CD;&>0K0&(5;O8;39E&6<&699855;39;&<65&"59419&9?@55&W")X\&"59419&R5@ED13R&W"-X\&@37&AERFE&

S?14;<1=?&WZ^X&6<&4?;&A5;E&14;F=&<1=?&W(1=X\&=3@1D=&W+3@X\&A;@&9D@F=&WL8=X\&@O8@419&@78D4&13=;94=&

W"O8X\&C;34?19&9D@769;5@3=&W#;3X\&V66AD@3G463&Ws66X\&9@771=<DE&D@52@;&W)@7X\&4;55;=451@D&@78D4&

13=;94=&W!;5X\&9?15636F17&D@52@;&W)?1X\&@O8@419&13=;94&A8A@;&WZ8AX\&@FA?1A67&W"FAX\&4@7A6D;&

=?51FA&W!@7X\&@37&913;5;8=&=?5;S&W+?5X&13&;@9?&D@G;0&B@D8;=&g&I0K&@5;&13&C6D70&N@4@&<56F&,D1@F3@&

$@G;&@5;&4@G;3&<56F&N;3463&;4&@D0&WKI:IX0&

 Lake Fis. Sna. Cla. Aqu. Ben. Zoo. Cad. Ter. Chi. Pup. Gam. Lep. Shr. 

AC 

V. Fri%mundarvatn 0.59 0.00 0.22 0.00 0.01 0.01 0.00 0.05 0.16 0.28 0.00 0.00 0.00 

Högnavatn 0.01 0.18 0.35 0.00 0.09 0.03 0.25 0.02 0.65 0.03 0.00 0.77 0.00 

Thríhyrningsvatn 0.00 0.37 0.24 0.01 0.00 0.13 0.00 0.08 0.17 0.28 0.00 0.09 0.00 

Galtaból 0.64 0.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sigur%ursta%avatn 0.72 0.19 0.00 0.01 0.13 0.06 0.00 0.03 0.19 0.06 0.06 0.00 0.00 

Vatnhlí%arvatn 0.00 0.11 0.27 0.00 0.27 0.02 0.00 0.03 0.65 0.00 0.00 0.00 0.00 

Thingvallavatn 0.19 0.46 0.00 0.01 0.01 0.04 0.04 0.05 0.16 0.48 0.00 0.00 0.00 

Iliamna Lake 0.50 0.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Summit Lake 0.02 0.29 0.22 0.00 0.00 0.04 0.07 0.42 0.00 0.78 0.00 0.00 0.05 

Caribou Lake 0.08 0.71 0.58 0.00 0.00 0.04 0.13 0.00 0.00 0.00 0.00 0.00 0.00 

L. Tazimina Lake 0.00 0.26 0.09 0.00 0.00 0.35 0.00 0.04 0.00 0.09 0.00 0.00 0.00 

AG 
Caribou Lake 0.00 0.36 0.00 0.00 0.00 0.36 0.18 0.00 0.00 0.18 0.00 0.00 0.00 

L. Tazimina Lake 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.00 0.00 

PW Caribou Lake 0.00 0.00 0.00 0.00 0.00 0.48 0.00 0.00 0.56 0.00 0.00 0.00 0.00 

Methods for correcting !
13

C and !
15

N values for variability at the base of the food 

chain is imperative for meaningful comparisons at higher trophic positions among study 

sites (Vander Zanden and Rasmussen 1999, Vander Zanden and Rasmussen 2001, Post et 

al. 2002). To calculate trophic position (TP) while taking into account baseline values, we 

used the following common mixture model: TPsc = "base1 x a + "base2 x (1 – a) + (!
15

Nsc – 

[!
15

Nbase1 x a + (!
15

Nbase2 x (1 – a)]). In this case, "base1 and "base2 are the trophic positions of 

the samples !
15

Nbase1 and !
15

Nbase2 used to calculate the bases of the first and second food 
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chains (e.g., limnetic and benthic), !
15

Nsc is the sample from the secondary consumer whose 

TP is being calculated, and a represents the proportion of food chain 1 that contributes to 

the diet. Values for !
13

C can then be used to estimate a as (!
13

Csc – !
13

Cbase2) / (!
13

Cbase1 – 

!
13

Cbase2), leaving 4 parameters necessary for the calculation of TP for secondary 

consumers: !
15

Nbase1, !
15

Nbase2, !
13

Cbase1, and !
13

Cbase2. To estimate these parameters, we 

sampled as many invertebrate groups as could be found, and then chose bases as the groups 

that gave the most consistently low !
15

N value or extreme !
13

C values. Snails and 

chironomid larvae from the subfamily Orthocladiinae or the tribe Tanytarsini had the most 

consistently high values of !
13

C, so these values were averaged when available as the base 

for benthic food chain (Table 5.1, Fig 5.1). These chironomids consistently had higher !
15

N 

than snails, so only snails were used for the !
15

N base value. Likewise, when both copepods 

and cladocerans were available in large enough quantities, they consistently showed similar 

low !
13

C values, but copepods always had a substantially higher !
15

N value. Therefore, the 

average of these was used for the !
13

C base of the limnetic food chain, but only cladocerans 

were used for the !
15

N base. For lakes in which cladocerans could not be sampled, another 

species was needed for the !
15

N base. Therefore, average trophic positions of copepods or 

pea clams (actually small unionid mussels) were calculated across all lakes in which 

cladocerans were available as the !
15

N baseline. Their values and trophic positions (3.180 

and 2.894 respectively) were then used as the limnetic !
15

N base values for lakes lacking 

cladoceran samples. Copepods were preferred because they had consistently lower !
13

C 

values than pea clams, suggesting that they were less influenced by benthic carbon sources 

(Fig. 5.1). In some instances, the maximum and minimum !
13

C values from invertebrates 

were not as extreme as values found for Arctic charr or stickleback, so we assumed that our 

invertebrate sampling was insufficient and instead used the extreme values for Arctic charr 
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or stickleback.  

Using these base values, with food chain 1 as benthic and food chain 2 as limnetic, 

we calculated TP and a, which reflects the proportion of carbon from the benthic food chain 

consumed (BFC), and used them to compare fish diets across lakes. Although fractionation 

of !
13

C values was assumed to be 0 in this procedure, the effect of this assumption being 

false was illustrated. Lines were drawn in figures to indicate the expected shifts in TP given 

BFC and a fractionation of 1‰ per trophic level when correcting for !
13

C after the 

calculation of TP. All statistical analyses were performed separately on Icelandic and 

Alaskan lakes using F!G.!:.-?.U (R Development Core Team, 2011). 

 

(1R85;&>0:0&Z64;341@D&C@=;D13;&2@D8;=&<65&4?;&D1F3;419&@37&C;34?19&<667&9?@13=0&$13;=&9633;94&

R568A=&S14?13&D@G;=&S?;3&g&:&R568A&S@=&@2@1D@CD;0&#;9@8=;&4?5;;&R568A=&S;5;&963=17;5;7&63&4?;&

D;<4\&4?5;;&9633;94163=&S;5;&A6==1CD;[&D1R?4&R5;E&=6D17&D13;=&9633;94&96A;A67=&@37&9D@769;5@3=\&

7@=?;7&7@5G&R5;E&D13;=&9633;94&F8==;D=&@37&9D@769;5@3=\&@37&D1R?4&7@=?`764&D13;=&9633;94&

96A;A67=&S14?&F8==;D=&S14?13&D@G;=0&

O"6&"-&0'*&'*500?*F%4*)-6(.-(6%*"20':*#"L%)*

! S3,041'1!56!G,&#,39'!ZS(LPS[!J'&'!%1'=!25!2'12!JI'2I'&!G,&#,2#53!,22&#*%2,*0'!

25!0,@'\!0'3$2I\!5&!2I'#&!#32'&,92#53!95%0=!*'!='2'92'=!#3!T+!,3=!H"/!56!S&92#9!9I,&&\!

2I&''17#3'!12#9@0'*,9@\!,3=!S&92#9!$&,40#3$.!L304!0,@'1!J#2I!)5&'!2I,3!2I&''!1,)70'1!56!
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,!17'9#'1!J'&'!#390%='=.!V6!2I'!#32'&,92#53!J,1!352!1#$3#6#9,32\!#2!J,1!&')5G'=.!H&5J3!

2&5%2!,3=!74$)4!JI#2'6#1I!',9I!5304!599%&&'=!#3!,!1#3$0'!0,@'\!15!5304!0'3$2I!J,1!

2'12'=.!

! T5!2'12!65&!=#66'&'39'1!,)53$!17'9#'1!J#2I#3!0,@'1\!17'9#'1!J'&'!6#&12!170#2!#325!?!

1#M'!$&5%71!Z|!:U\!�:U\!?U[\!5&!�!?U!9)[!25!,995%32!65&!,005)'2&#9!G,&#,2#53.!S&92#9!9I,&&!

J'&'!,==#2#53,004!170#2!*4!,11#$3'=!65&).!B#3',&!)5='01!J'&'!%1'=!25!7&'=#92!T+!,3=!

H"/!*,1'=!53!17'9#'1!8!65&)!8!1#M'!$&5%7.!B,&$'!S&92#9!9I,&&!J'&'!%1'=!,1!2I'!*,1'0#3'!

65&!,00!0,@'1!'89'72!V9'0,3=#9!0,@'1!J#2I!35!12#9@0'*,9@!7&'1'32.!S1!35!0,&$'!S&92#9!9I,&&!

599%&&'=!#3!2I'1'!0,@'1\!2I'!)'=#%)!$&5%7!J,1!%1'=!,1!*,1'0#3'.!/5'66#9#'32!G,0%'1!

J'&'!95)7#0'=!65&!95)7,&#153.!

@55%.-)*05*+0#7206+>&)2P*+6%7*?&%-P*"'?*%'$&60'2%'-*0'*;6.-&.*.>"66*?&%-"67*

46%"?->*

! F,3$'!#3!H"/!G,0%'1!J,1!%1'=!25!&'60'92!S&92#9!9I,&&!=#'2,&4!*&',=2I\!4#'0=#3$!,!

1#3$0'!G,0%'!7'&!0,@'.!S&92#9!9I,&&!#3!2I'!1),00'12!1#M'!$&5%7!J'&'!'890%='=!25!7&'G'32!

5325$'3'2#9!3#9I'!9I,3$'1!6&5)!,66'92#3$!&'1%021.!B#3',&!)5='01!J'&'!%1'=!25!2'12!

JI'2I'&!S&92#9!9I,&&!,[!H"/!&,3$'!,3=!*[!T+!&,3$'!J'&'!1#$3#6#9,3204!,66'92'=!*4!-[!

2I'!7&'1'39'!56!5G'&,00!7504)5&7I#1)!#3!S&92#9!9I,&&\!:[!2I'!7&'1'39'!56!$&5J2I!&,2'!

=#66'&'32#,2#53!,1!,!247'!56!7504)5&7I#1)!#3!S&92#9!9I,&&\!?[!2I'!7&'1'39'!56!

)5&7I505$#9,0!=#66'&'32#,2#53!,1!,352I'&!247'!56!7504)5&7I#1)!#3!S&92#9!9I,&&\!E[!2I'!

7&'1'39'!56!12#9@0'*,9@!#3!2I'!0,@'\!;[!12#9@0'*,9@!&,3$'!#3!H"/\!>[!12#9@0'*,9@!)',3!

H"/\!,3=!E[!'3G#&53)'32,0!G,&#,*0'1\!2&,3165&)'=!*4!05$!JI'3!3'9'11,&4!Z05$!_PLB\!

05$!RS\!05$!<\!T(T+\!RT\!SBT\!R_\!C<[.!

>0M&/;=8D4=&
O"6&"-&0'*&'*500?*F%4*)-6(.-(6%*"20':*#"L%)*

! V3!,00!9,1'1\!5304!,!)#3#)%)!1I#62!#3!T+!$#G'3!H"/!J5%0=!I,G'!&'1%02'=!JI'3!
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,11%)#3$!,!-�!!13
C!2&57I#9!6&,92#53,2#53\!&,2I'&!2I,3!U�!Z"#$.!;.:[.!YI'3!,!7&'4!

17'9#'1!J,1!*52I!6&'W%'3204!',2'3!,3=!%395))53!,)53$!0,@'1!ZT,*0'!;.:[\!2I'4!J'&'!

70522'=!J#2I!6#1I!25!,#=!#3!#32'&7&'2,2#53!56!6#1I!12,*0'!#15257'!=,2,!Z"#$.!;.:[.!

+&575&2#53!56!*'32I#9!655=!9I,#3!9531%)'=!ZH"/[!=#66'&'=!,)53$!0,@'1!#3!,00!17'9#'1!

65&!JI#9I!#2!95%0=!*'!2'12'=!ZRTf!"K\:?;!�!:Q.DD>\!+|U.UU-l!S/f!"-U\E>E!�!-D.>KK\!+!|U.UU-l!

SAf!"-\:?!�!;.D?Q\!+!�!U.U:?U[.!B'3$2I!J,1!1#$3#6#9,3204!95&&'0,2'=!J#2I!H"/!#3!

2I&''17#3'!12#9@0'*,9@!Z}12#9@0'*,9@~!6&5)!I'&'!65&J,&=[!,3=!I,=!,3!#32'&,92#G'!'66'92!

J#2I!B,@'!#3!S&92#9!9I,&&\!#3=#9,2#3$!2I,2!2I'!1057'!=#66'&'=!,)53$!0,@'1!ZRTf!"K\:?;!�!

KU.>?E\!+!|!U.UU-l!S/!0'3$2If!"-\E>E!�!?.-::\!+!�!U.UQKl!S/!#32'&,92#53f!"-U\E>E!�!D.?EQ\!+!

|!U.UU-[.!TI'1'!'66'921!J'&'!1#$3#6#9,32!#3!35!52I'&!17'9#'1!ZSAf!"-\:?!�!U.-U;\!+!�!U.QED\!

HTf!"-\--!�!U.;:--\!+!�!U.EK;l!+Yf!"-\:?!�!U.UU:\!+!�!U.DQU[.!!T&57I#9!751#2#53!ZT+[!,015!

=#66'&'=!,)53$!0,@'1!#3!,00!17'9#'1!65&!JI#9I!#2!95%0=!*'!2'12'=!ZRTf!"K\:?;!�!KU.>?E\!+!|!

U.UU-l!S/f!"-U\EQE!�!?K.>?;\!+!|!U.UU-l!SAf!"-\:?!�!K?.?K;\!+|U.UU-[.!B'3$2I!J,1!

1#$3#6#9,3204!95&&'0,2'=!J#2I!T+!65&!,00!17'9#'1!*%2!2I'!2J5!1),00'12\!12#9@0'*,9@!,3=!

74$)4!JI#2'6#1I!ZT+f!RTf!"-\:?;!�!U.UU\!+!�!U.DD;l!S/f!"-\EQE!�!-;Q.EED\!+|U.UU-l!!SAf!

"-\:?!�!;.U?:\!+!�!U.U?;l!HTf!"-\--!�!-U.Q?E\!+!�!U.UUQl!+Yf!"-\:?!�!U.U?Q\!+!�!U.KED[.!!

! V3!2I'!0#3',&!)5='01!%1'=!25!2'12!65&!=#66'&'39'1!#3!7&575&2#53!56!*'32I#9!655=!

9I,#3!9531%)'=!ZH"/[!,)53$!17'9#'1!8!65&)!8!1#M'!*&,9@'2!95)*#3,2#531\!J'!65%3=!

2I,2!=#66'&'39'1!,)53$!17'9#'1!J'&'!J#='17&',=\!,02I5%$I!15)'!0,@'1!1I5J'=!35!

1#$3#6#9,39'!ZTI#3$G,00,G,23f!"-:\-;!�!-D.-UU\!+!|!U.UU-l!A,02,*a0f!";\QQ!�!-.K>:\!+�!

U.---l!R#$%&h%&12,h,G,3f!"?\;>!�!E.;E:\!+!�!U.UU>l!P,231I0bh,&G,23f!"?\EU!�!E.-U?\!+!�!

U.U-?l!P'12%&!"&#h)%3=,&G,23f!"?\>U!�!-:.Q\!+!|!U.UU-l!_v$3,G,23f!":\E;!�!-.?;E\!+!�!

U.:>Dl!TI&bI4&3#3$1G,23f!"?\?D!�!E.->:\!+!�!U.U-:l!V0#,)3,!B,@'f!"K\EE!�!-:.-EU\!+!|!

U.UU-l!R%))#2!B,@'f&":\;E!�!:.;QD\!+!�!U.UK;l!/,&#*5%!B,@'f!">\>>!�!-:.:>U\!+|!U.UU-l!
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T,M#)#3,!B,@'f!";\:Q!�!:K.>-U\!+!|!U.UU-[.!S00!0#3',&!)5='01!%1'=!25!2'12!65&!=#66'&'39'1!

#3!2&57I#9!751#2#53!ZT+[!,)53$!17'9#'1!8!65&)!8!1#M'!*&,9@'2!95)*#3,2#531!J'&'!

1#$3#6#9,32\!'89'72!#3!0,@'1!J#2I!5304!S&92#9!9I,&&!7&'1'32!ZTI#3$G,00,G,23f!"-:\-;D!�!

-U.;KU\!+!|!U.UU-l!A,02,*a0f!";\QQ!�!-E.;UU\!+!|!U.UU-l!R#$%&h%&12,h,G,23f!"?\;>!�!K.EK-\!

+!|!U.UU-l!P'12%&!"&#h)%3=,&G,23f!"?\>U!�!?>.QEU\!+!|!U.UU-l!P,321I0bh,&G,23f!"?\EU!�!

U.?K-\!+!�!U.Q>Ql!_v$3,G,23f!":\E;!�!:.>KK\!+!�!U.UQDl!TI&bI4&3#3$1G,23f!"?\?D!�!:.U>:\!+!

�!U.-:-l!V0#,)3,!B,@'f!"K\EE!�!--.ED\!+!|!U.UU-l!R%))#2!B,@'f!":\;E!�!K.U>?\!+!|!U.UU-l!

/,&#*5%!B,@'f!">\>>!�!EE.UU-\!+!|!U.UU-l!T,M#)#3,!B,@'f!";\:Q!�!-K.KD\!+!�!U.E;-[.!

/5'66#9#'321!&'1%02#3$!6&5)!2I'1'!)5='01!J'&'!%1'=!25!#32'&7&'2!655=!J'*!12&%92%&'!

='7#92'=!*4!12,*0'!#15257'!=,2,!#3!"#$%&'!;.:!ZT,*0'!;.:[.!

! LG'&!,00!V9'0,3=#9!0,@'1\!1),00!5&!)'=#%)!1#M'=!S&92#9!9I,&&!,3=!12#9@0'*,9@!

J'&'!05J'&!#3!2&57I#9!751#2#53!2I,3!0,&$'!7#19#G5&5%1!S&92#9!9I,&&!ZT,*0'!;.?\!"#$.!;.:[.!

TI'!1#)#0,&!95'66#9#'32!G,0%'1!56!1),00O!,3=!)'=#%)O1#M'=!S&92#9!9I,&&!25!12#9@0'*,9@!

#3=#9,2'=!1#)#0,&!2&57I#9!751#2#531.!L6!2I'!2I&''!V9'0,3=#9!0,@'1!2I,2!9532,#3'=!

12#9@0'*,9@\!A,02,*a0!J,1!2I'!5304!7504)5&7I#9!0,@'.!TI'!)5='0!25!7&'=#92!H"/!J,1!352!

1#$3#6#9,32\!#3=#9,2#3$!)#3#),0!=#66'&'39'1!,)53$!$&5%71!ZT,*0'!;.?[.!<#66'&'39'1!

*'2J''3!17'9#'1!,&'!0#@'04!)#3#),0!*'9,%1'!*52I!S&92#9!9I,&&!,3=!12#9@0'*,9@!

9531%)'=!,!J#='!&,3$'!#3!H"/!G,0%'1!Z"#$.!;.:[.!TI'!52I'&!2J5!0,@'1!J#2I!12#9@0'*,9@!

7&'1'32!ZR#$%&h%&12,h,G,23!,3=!P'12%&!"&#h)%3=,&G,23[!,015!1I5J'=!35!=#66'&'39'!

*'2J''3!12#9@0'*,9@!,3=!7#19#G5&5%1!S&92#9!9I,&&!#3!H"/.!TI'!9'32&,0!751#2#53!56!

2"33"1()*17.!*'3',2I!)512!S&92#9!9I,&&!#3!R#$%&h%&12,h,G,23!9536#&)'=!2I,2!2I#1!#1!

,3!#)75&2,32!7&'4\!,1!#3=#9,2'=!*4!I#$I!599%&&'39'!#3!2I'!=#'2!ZT,*0'!;.:[.!H52I!2I'1'!

0,@'1!9532,#3!1),00'&!#3=#G#=%,01!J#2I!0#)3'2#9!1#$3,01\!7511#*04!#3=#9,2#3$!,3!

5325$'3'2#9!1I#62.!
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! L6!2I'!V9'0,3=#9!0,@'1!J#2I!35!12#9@0'*,9@!7&'1'32!ZT,*0'!;.?[\!2J5!9532,#3'=!,!

1'953=!S&92#9!9I,&&!65&)!2I,2!9531%)'=!)5&'!6&5)!2I'!*'32I#9!655=!9I,#3\!'17'9#,004!

,2!0,&$'&!1#M'1!ZP,231I0bh,&G,23!,3=!TI&bI4&3#3$1G,23[.!TI'!0,12!0,@'!Z_v$3,G,23[!

9532,#3'=!,!1),00!65&)!J#2I!,!=#66'&'32!$&5J2I!9%&G'!Z/I,72'&!?[\!*%2!2I#1!65&)!=#=!352!

=#66'&!6&5)!0,&$'&!6#1I!#3!H"/.!TI'!9'32&,0!751#2#53!56!2I'!2,=750'!1I&#)7!*'3',2I!)512!

_v$3,G,23!S&92#9!9I,&&!,015!1%$$'12'=!2I,2!2I#1!17'9#'1!#1!,3!#)75&2,32!95)753'32!56!

2I'!=#'2\!,1!9536#&)'=!*4!2I'!=#'2!ZT,*0'!;.-[.!(5!$&5%71!=#66'&'=!#3!2&57I#9!751#2#53!

J#2I#3!2I'1'!0,@'1!ZT,*0'!;.:\!"#$.!;.:[.!

V3!TI#3$G,00,G,23\!65%&!1%*12,32#,004!=#66'&'32#,2'=!S&92#9!9I,&&!)5&7I1!

95'8#12'=!J#2I!12#9@0'*,9@!,3=!*&5J3!2&5%2\!JI#9I!5G'&,00\!9531%)'=!)5&'!*'32I#9!

&'15%&9'1!2I,3!2I'!0,&$'!7#19#G5&5%1!S&92#9!9I,&&!ZT,*0'!;.E[.!R2#9@0'*,9@!9,%$I2!#3!

n-E!)!G'&1%1!n-!g!:!)!='72I!=#=!352!5G'&0,7!#3!'#2I'&!H"/!5&!T+f!2I51'!9,%$I2!=''7!

I,=!I#$I'&!T+!,3=!05J'&!H"/!Z"#$.!;.?[.!TI'1'!=#66'&'39'1!,77',&!25!*'!2&,31)#22'=!25!

I#$I'&!2&57I#9!751#2#531!#3!2I'!6#1I!2I,2!,&'!)512!0#@'04!25!9531%)'!2I')f!7#19#G5&5%1!

S&92#9!9I,&&!I,=!05J'&!H"/!*%2!I#$I'&!T+!2I,3!*&5J3!2&5%2\!JI#9I!599%&!$'3'&,004!#3!

0#225&,0!,&',1!,3=!J'&'!0#@'J#1'!9536#3'=!25!I#$I'&!Z)5&'!*'32I#9[!H"/!G,0%'1.!S1!

'87'92'=\!2I'!M5570,3@2#G5&5%1!65&)!6'=!)5&'!0#)3'2#9,004!2I,3!2I'!0,&$'!7#19#G5&5%1!

65&)\!,02I5%$I!&'1%021!J'&'!5304!1#$3#6#9,32!65&!2I'!1),00!1#M'!*&,9@'2.!TI#1!#1!352!

1%&7&#1#3$!$#G'3!2I,2!2I'!7#19#G5&5%1!65&)!#1!2I5%$I2!25!='G'057!6&5)!0,&$'&!

M5570,3@2#G5&5%1!#3=#G#=%,01!ZR@d0,153!'2!,0.!-DKD[\!,3=!2I,2!2I'!0,&$'!

M5570,3@2#G5&5%1!#3=#G#=%,01!,&'!=#66#9%02!25!=#12#3$%#1I!6&5)!7#19#G5&5%1!65&)1.!

C'=#%)!,3=!0,&$'!7#19#G5&5%1!6#1I!95%0=!352!*'!=#12#3$%#1I'=!*4!H"/\!*%2!,00!52I'&!

$&5%71!'89'72!2I'!M5570,3@2#G5&5%1!$&5%71!6'=!)5&'!*'32I#9,004!Z"#$.!;.:[.!B#@'J#1'\!

,00!52I'&!$&5%71!*%2!2I'!0,&$'!*&5J3!2&5%2!,3=!0,&$'!M5570,3@2#G5&5%1!65&)!I,=!05J'&!
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2&57I#9!751#2#531.!

&!@CD;&>0M0&)6;<<191;34&2@D8;&;=41F@4;=\&!&=4@41=419=\&@37&Z`2@D8;=&<65&D13;@5&F67;D=&S14?&=A;91;=&Q&

<65F&Q&=1V;&R568A=&8=;7&46&A5;7194&;14?;5&A56A654163&6<&9@5C63&<56F&C;34?19&<667&9?@13&

963=8F;7&W#()X&65&456A?19&A6=14163&W!ZX&13&,9;D@3719&D@G;=&S14?&=419GD;C@9G&A5;=;34&W+419G0&Z5;=0X&

2;5=8=&@C=;34&W+419G0&"C=0X0&B@D8;=&<65&134;59;A4=&W,340X&@5;&=?6S3&@=&S;DD&@=&R568A=\&7;=1R3@4;7&

CE&=A;91;=&W"59419&9?@55[&")d&=419GD;C@9G[&+!X\&<65F&W:`&65&K`X&@37&=1V;&C5@9G;4&W+[&h&KI\&L[&vKI\&MIX\&

$[&w&MI&9FX0&

 

 

 Vatnshlí%arvatn Högnavatn Thríhyrningsvatn 

 

 

 Est. T P Est. T P Est. T P 

B
F

C
 

S
ti

ck
. 

A
b

s.
 Int. 0.63 23.18 0.00 0.70 27.04 0.00 0.43 8.07 0.00 

AC 1-S -0.12 -1.19 0.24 0.01 0.45 0.65 -0.18 -1.77 0.09 

AC 2-M 0.13 3.00 0.00 - - - 0.15 1.95 0.06 

AC 2-S -0.04 -0.27 0.79 0.05 1.49 0.14 -0.13 -0.99 0.33 

 Galtaból Sigur%ursta%avatn V. Fri%munarvatn 

 Int. 0.40 7.64 0.00 0.60 18.86 0.00 0.86 42.91 0.00 

S
ti

ck
. 

P
re

s.
 AC 1-M 0.08 0.89 0.37 -0.05 -1.00 0.32 -0.06 -1.88 0.06 

AC 1-S 0.10 1.21 0.23 -0.47 -3.62 0.00 -0.16 -5.47 0.00 

AC 2-M 0.06 0.59 0.56 - - - - - - 

AC 2-S 0.19 2.56 0.01 - - - - - - 

ST 0.16 2.56 0.01 -0.06 -1.42 0.16 -0.01 -0.29 0.77 

   Vatnshlí%arvatn Högnavatn Thríhyrningsvatn 

T
P

 

S
ti

ck
. 

A
b

s.
 Int. 3.28 109.8 0.00 3.60 60.15 0.00 3.45 66.51 0.00 

AC 1-S -0.11 -1.01 0.32 -0.16 -2.13 0.04 -0.10 -0.97 0.34 

AC 2-M -0.02 -0.50 0.62 - - - 0.09 1.19 0.24 

AC 2-S -0.03 -0.23 0.82 -0.16 -2.09 0.04 -0.18 -1.35 0.18 

 Galtaból Sigur%ursta%avatn V. Fri%munarvatn 

 Int. 3.88 67.72 0.00 4.49 59.11 0.00 4.49 85.67 0.00 

S
ti

ck
. 

P
re

s.
 AC 1-M -0.56 -6.08 0.00 -0.38 -3.33 0.00 -0.58 -7.08 0.00 

AC 1-S -0.60 -6.41 0.00 -0.27 -0.87 0.39 -0.73 -9.56 0.00 

AC 2-M -0.49 -4.48 0.00 - - - - - - 

AC 2-S -0.55 -6.90 0.00 - - - - - - 

ST -0.49 -7.29 0.00 -0.47 -4.99 0.00 -0.58 -8.10 0.00 

! R2#9@0'*,9@!,3=!7#19#G5&5%1!S&92#9!9I,&&!#3!V0#,)3,!B,@'!I,=!,!$'3'&,004!

0#)3'2#9!12,*0'!#15257'!1#$3,2%&'!ZT,*0'!;.;\!"#$.!;.:[.!R59@'4'!6#3$'&0#3$\!12#9@0'*,9@\!

,3=!2I'!1),00!*&,9@'2!56!S&92#9!9I,&&!Z6#3$'&0#3$\!'32#&'04!|!E!9)[!1I5J'=!,!1#)#0,&04!

05J!T+\!*%2!H"/!#3!S&92#9!9I,&&!6#3$'&0#3$!J,1!I#$I'&.!TI'&'65&'\!0,&$'!V0#,)3,!S&92#9!

9I,&&!,77',&'=!25!1#)#0,&04!17'9#,0#M'!53!12#9@0'*,9@\!,1!=#'2!=,2,!1%775&2!ZT,*0'!;.:[.!

R9%07#3!1I5J'=!,!I#$I04!*'32I#9\!)#==0'!2&57I#9!0'G'0!1#$3,0\!,3=!&,#3*5J!2&5%2!

1I5J'=!,!1#)#0,&!*%2!10#$I204!I#$I'&!2&57I#9!0'G'0!1#$3,0\!752'32#,004!#3=#9,2#3$!,!
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2'3='394!25J,&=!7#19#G5&4!2I&5%$I!17'9#,0#M,2#53!53!*'32I#9!7&'4.!TI#1!)#&&5&1!2I'!

7,22'&3!65%3=!JI'3!S&92#9!9I,&&!95O599%&&'=!J#2I!*&5J3!2&5%2!#3!TI#3$G,00,G,23\!

,02I5%$I!5%&!1,)70'1!,&'!0#)#2'=.!+#@'!I,=!,!&'0,2#G'04!I#$I!2&57I#9!0'G'0!='17#2'!2I'!

0,9@!56!6#1I!7&'4!#3!2I'#&!0,@'\!*%2!&'1%021!1I5%0=!*'!#32'&7&'2'=!J#2I!9,%2#53!,1!

*,1'0#3'!95&&'92#53!),4!*'!#395&&'92!65&!2I#1!17'9#'1.!V0#,)3,!B,@'!74$)4!JI#2'6#1I!

1I5J'=!,!I#$I!T+!,3=!05J!H"/!G,0%'\!*%2!125),9I1!J'&'!352!'8,)#3'=.!

!@CD;&>0U0&)6;<<191;34&2@D8;&;=41F@4;=\&!&=4@41=419=\&@37&Z`2@D8;=&<65&D13;@5&F67;D=&S14?&=A;91;=&Q&

<65F&Q&=1V;&C5@9G;4&R568A=&8=;7&46&A5;7194&;14?;5&A56A654163&6<&9@5C63&<56F&C;34?19&<667&9?@13&

963=8F;7&W#()X&65&456A?19&A6=14163&W!ZX&13&!?13R2@DD@2@430&B@D8;=&<65&134;59;A4=&W,340X&@5;&

=?6S3&@=&S;DD&@=&R568A=\&7;=1R3@4;7&CE&=A;91;=&W"59419&9?@55[&")d&=419GD;C@9G[&+!d&C56S3&45684[&

#!X\&<65F&W:`&65&K`X&@37&=1V;&C5@9G;4&W+[&h&KId&L[&vKI\&MIXd&$[&w&MI&9FX0&

  Thingvallavatn 

  Est. T P  Est. T P 

B
F

C
 

Int. 0.57 9.32 0.00 

T
P

 

4.66 44.27 0.00 

AC 1-M 0.14 1.65 0.10 -0.53 -3.54 0.00 

AC 2-M 0.31 2.79 0.01 -1.01 -5.25 0.00 

AC 2-S 0.27 4.05 0.00 -0.95 -8.14 0.00 

AC 3-L -0.03 -0.19 0.85 -0.10 -0.34 0.73 

AC 3-M -0.14 -1.79 0.08 -0.67 -5.03 0.00 

AC 3-S -0.40 -5.17 0.00 -1.03 -7.68 0.00 

AC 4-L 0.25 3.21 0.00 -1.21 -9.15 0.00 

AC 4-M 0.26 3.31 0.00 -1.00 -7.46 0.00 

ST 0.23 3.57 0.00 -0.83 -7.52 0.00 

BT L 0.31 2.37 0.02 -0.40 -1.78 0.08 

BT M 0.29 2.88 0.00 -0.69 -3.98 0.00 

BT S 0.29 3.38 0.00 -0.89 -5.97 0.00 

!

!
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!@CD;&>0>0&)6;<<191;34&2@D8;&;=41F@4;=\&!&=4@41=419=\&@37&Z`2@D8;=&<65&D13;@5&F67;D=&S14?&=A;91;=&Q&

<65F&Q&=1V;&C5@9G;4&R568A=&8=;7&46&A5;7194&;14?;5&A56A654163&6<&9@5C63&<56F&C;34?19&<667&9?@13&

963=8F;7&W#()X&65&456A?19&A6=14163&W!ZX&13&"D@=G@3&D@G;=0&B@D8;=&<65&134;59;A4=&W,340X&@5;&=?6S3&

@=&S;DD&@=&R568A=\&7;=1R3@4;7&CE&=A;91;=&W"59419&9?@55[&")d&=419GD;C@9G[&+!d&"59419&R5@ED13R[&"-d&

3654?;53&A1G;[&Z,d&AERFE&S?14;<1=?[&Z^d&5@13C6S&45684[&/!d&=69G;E;&<13R;5D13R=[&++d&=98DA13[&+)X\&

<65F&W:`&65&K`X&@37&=1V;&C5@9G;4&W+[&h&KI\&L[&vKI\&MIX\&$[&w&MI&9FX0&

  Summit Lake Caribou Lake L. Tazimina Lake Iliamna Lake 

  Est. T P Est. T P Est. T P Est. T P 

B
F

C
 

Int. 0.46 6.57 0.00 0.75 27.97 0.00 0.81 24.86 0.00 0.39 12.48 0.00 

AC 1-M 0.06 0.88 0.38 -0.10 -1.06 0.29 -0.31 -5.13 0.00 0.15 3.09 0.00 

AC 1-S - - - - - - - - - 0.21 3.02 0.00 

AC 2-S - - - - - - -0.60 -10.6 0.00 - - - 

AG L - - - -0.13 -2.03 0.05 - - - - - - 

AG M - - - -0.11 -1.80 0.08 - - - - - - 

AG S - - - -0.10 -2.33 0.02 -0.28 -4.22 0.00 - - - 

PI - - - - - - - - - -0.07 -0.80 0.43 

PW - - - -0.28 -7.56 0.00 - - - 0.08 0.83 0.41 

RT - - - - - - - - - 0.33 3.53 0.00 

SS - - - - - - - - - -0.14 -1.74 0.09 

SC 0.29 2.25 0.03 0.21 2.28 0.03 0.08 1.21 0.24 0.46 7.67 0.00 

ST - - - - - - -0.20 -2.36 0.03 -0.07 -1.15 0.26 

T
P

 

Int. 3.13 25.33 0.00 3.53 89.22 0.00 3.87 63.05 0.00 3.96 41.97 0.00 

AC 1-M 0.32 2.46 0.02 -0.63 -4.58 0.00 -0.03 -0.26 0.80 0.25 1.71 0.09 

AC 1-S - - - - - - - - - -0.72 -3.41 0.00 

AC 2-S - - - - - - 0.03 0.24 0.82 - - - 

AG L - - - -0.57 -6.18 0.00 - - - - - - 

AG M - - - -0.57 -6.25 0.00 - - - - - - 

AG S - - - -0.55 -8.33 0.00 0.03 0.24 0.81 - - - 

PI - - - - - - - - - 0.34 1.19 0.24 

PW - - - 0.27 4.93 0.00 - - - 0.65 2.31 0.03 

RT - - - - - - - - - 0.01 0.04 0.97 

SS - - - - - - - - - -0.49 -2.07 0.04 

SC 

-

0.34 -1.47 0.15 -0.45 -3.25 0.00 0.04 0.34 0.73 -0.50 -2.75 0.01 

ST - - - - - - 0.34 2.09 0.05 -1.21 -6.69 0.00 

!
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&

(1R85;&>0K0&(667&S;C&=4589485;&6<&<1=?&@==;FCD@R;=&13&,9;D@3719&@37&"D@=G@3&$@G;&@=&13719@4;7&CE&

456A?19&A6=14163&W!ZX&@37&A56A654163&6<&9@5C63&<56F&4?;&C;34?19&<667&9?@13&963=8F;7&W#()X0&

+1V;&6<&A6134=&@5;&A56A654163@D&46&13712178@D&=1V;=&13&@DD&=A;91;=&5;A5;=;34;7&CE&g&M&13712178@D=&13&

@&D@G;0&"59419&9?@55&@5;&=AD14&CE&<65F&W:&f&UX&@37&<13R;5D13R=&Wh&U&9FX&@5;&13719@4;70&$13;=&13719@4;&

4?;&=?1<4&13&!Z&S14?&#()&4?@4&S68D7&69985&1<&q:M)&<5@94163@4163&S;5;&@==8F;7&46&C;&:x&13=4;@7&6<&

Ix&@37&9655;94;7&@<4;5&4?;&7;=951C;7&!Z&9@D98D@41630&&
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B5J'&!T,M#)#3,!B,@'!9532,#3'=!S&92#9!9I,&&!56!,!&'0,2#G'04!I#$I!2&57I#9!0'G'0\!

*%2!#3!9532&,12!J#2I!V0#,)3,!B,@'\!2I'1'!S&92#9!9I,&&!I,=!,!12&53$'&!*'32I#9!1#$3,0!

ZT,*0'!;.;\!"#$.!;.:[.!TI'&'65&'\!S&92#9!9I,&&!#3!B.!T,M#)#3,!B,@'!)5&'!12&53$04!

&'1')*0'!N%&57',3!S&92#9!9I,&&!2I,2!),4!9531%)'!15)'!6#1I!,053$1#='!2I'#&!),#304!

*'32I#9!6''=#3$!I,*#21\!,1!#1!65%3=!#3!0,&$'!*'32I#9!65&)!#3!TI#3$G,00,G,23!5&!B59I!

F,3359I!,3=!B59I!N&#9I2!#3!R9520,3=!ZS=,)1!'2!,0.!-DDK\!"&,1'&!'2!,0.!-DDK[.!_5J'G'&\!

0#220'!J,1!65%3=!#3!2I'!125),9I1!56!0,&$'!S&92#9!9I,&&!25!9536#&)!2I#1.!R),00'&!6#1I!56!

*52I!65&)1!#3!B.!T,M#)#3,!B,@'!,2'!M5570,3@253!Z/I,72'&!E[\!,02I5%$I!2I'!0#)3'2#9!

65&)!I,=!,!)5&'!'82&')'!0#)3'2#9!1#$3,0!Z"#$.!;.:[.!TI#1!7,22'&3!9536#&)1!*52I!,3!

5325$'32#9!1I#62!56!2I'!0,&$'&!65&)!,3=!17'9#,0#M,2#53!*4!2I'!0#)3'2#9!65&).!

V32'&'12#3$04\!12#9@0'*,9@!=5!352!,77',&!25!*'!7&'4!#3!B.!T,M#)#3,!B,@'\!,1!2I'4!I,=!

1%*12,32#,004!05J'&!H"/!2I,3!2I'!0,&$'&!S&92#9!9I,&&.!S&92#9!$&,40#3$!9531%)'=!,!0,&$'!

,)5%32!56!2'&&'12&#,0!#31'921!#3!*52I!B.!T,M#)#3,!B,@'!,3=!/,&#*5%!B,@'\!*%2!13,#01!,3=!

M5570,3@253!J'&'!,==#2#53,004!7&5)#3'32!#3!/,&#*5%!B,@'\!15)'2#)'1!95)751#3$!2I'!

),^5&#24!56!2I'!$%2!9532'321!ZT,*0'!;.:[.!TI#1!0#@'04!'870,#31!2I'!)%9I!05J'&!2&57I#9!

0'G'0!56!S&92#9!$&,40#3$!#3!/,&#*5%!B,@'!G'&1%1!B.!T,M#)#3,!B,@'!Z"#$.!;.:[.!S&92#9!9I,&&!

=#'21!#3!/,&#*5%!B,@'!J'&'!'32#&'04!95)751'=!56!13,#01\!7',!90,)1\!9,==#1604\!5&!

19%07#3\!2I'&'*4!'870,#3#3$!2I'!I#$I!H"/!G,0%'1!ZT,*0'!;.:[.!V3!9532&,12\!74$)4!

JI#2'6#1I!#3!/,&#*5%!B,@'!9531%)'=!'32#&'04!M5570,3@253!,3=!9I#&535)#=!0,&G,'\!

&'60'92'=!*4!05J'&!H"/!G,0%'1.!S&92#9!9I,&&!#3!R%))#2!B,@'!9531%)'=!,!J#='!&,3$'!56!

*'32I#9!,3=!0#)3'2#9!&'15%&9'1!,1!J'00!,1!2'&&'12&#,0!#31'921\!1I5J'=!35!=#66'&'39'1!

,)53$!1#M'1!5&!17'9#'1!#3!H"/\!,3=!I,=!2&57I#9!751#2#531!1#)#0,&!25!2I51'!#3!0,@'1!J#2I!
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&'9'#G'=!*4!2I'!7#19#G5&'.!TI#&=\!2I'!&,3$'!#3!7&575&2#53!56!*'32I#9!9,&*53!9531%)'=!
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V9'0,3=\!JI'&',1!2I'!&,3$'!#3!2&57I#9!751#2#53!#39&',1'=!J#2I!25!0,@'!1%&6,9'!,&',.!
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2&57I#9!751#2#53!*&',=2I!53!7&'4!,G,#0,*#0#24!2I&5%$I!95053#M,2#53!5775&2%3#24!5&!
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H52I!12#9@0'*,9@!,3=!74$)4!JI#2'6#1I!I,=!1%&7&#1#3$04!I#$I!2&57I#9!751#2#531!$#G'3!
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ZS)%3=1'3!'2!,0.!:U-U\!R,3=0%3=!'2!,0.!:U-U[.!/5)7'2#2#G'!'890%1#53!6&5)!0,@'1!#3!

S0,1@,!*4!0,&$'&!JI#2'6#1I!17'9#'1!I,1!,015!*''3!1%$$'12'=!ZF%11'00!-DKU\!`&'#3'&!

:UU>[.!L2I'&!0,@'1!2I,2!1I5J!7#19#G5&4!#3!0,&$'!*'32I#G5&5%1!S&92#9!9I,&&!65&)1!,015!

9532,#3!0#)3'2#9!S&92#9!9I,&&!65&)1!#3!,==#2#53!25!52I'&!17'9#'1!2I,2!95%0=!2,@'!

#32'&)'=#,2'!&50'1!,2!G,&#5%1!12,$'1\!1%9I!,1!''01!5':(&##"*"':(&##"*5&!)#335J!@-09&'()*

+-09&'()*ZS=,)1!'2!,0.!-DDK\!"&,1'&!'2!,0.!-DDK[.!V3!9532&,12\!2I'!,1159#,2#53!*'2J''3!

S&92#9!9I,&&!7#19#G5&4!,3=!,!0#)3'2#9!9,&*53!1#$3,0!#3!V0#,)3,!B,@'!),4!*'!2I'!&'1%02!56!

95O599%&&'39'!J#2I!52I'&!7#19#G5&5%1!*'32I#9!17'9#'1!Z#.'.\!&,#3*5J!2&5%2!,)53$!

52I'&1[.!TI#1!7,22'&3!,77',&1!25!599%&!JI'3'G'&!S&92#9!9I,&&!95I,*#2,2'!J#2I!52I'&!

1,0)53#=1!,3=!*'32I#9!7#19#G5&'1!ZB,3$'0,3=!'2!,0.!-DD-\!_'12I,$'3!'2!,0.!-DDQ\!c,31'3!

'2!,0.!:UU:\!+5J'&!'2!,0.!:UU:\!"5&1'2I!'2!,0.!:UU?\!`3%=1'3!'2!,0.!:U-U[.!V2!1I5%0=!*'!

352'=\!I5J'G'&\!2I,2!17'9#'1!#32'&,92#531!,&'!352!2I'!5304!9,%1'!65&!$&',2'&!7#19#G5&4!

25!599%&!,053$1#='!$&',2'&!0#)3'2#9!&'15%&9'!%1'f!A,02,*a0!7#19#G5&'1!,77',&'=!25!

9531%)'!12#9@0'*,9@!J#2I!,!)5&'!0#)3'2#9!1#$3,0!='17#2'!2I'!,G,#0,*#0#24!56!12#9@0'*,9@!

J#2I!,!*'32I#9!1#$3,0!,3=!35!95)7'2#3$!6#1I!17'9#'1.!S015\!9,33#*,0#12#9!S&92#9!9I,&&!#3!

/,3,=,!J'&'!,1159#,2'=!J#2I!0#)3'2#9!6''=#3$\!7511#*04!=%'!25!,3!5325$'3'2#9!1I#62!

6&5)!M5570,3@2#G5&4!ZS&*5%&!'2!,0.!:U--[.!

TI#3$G,00,G,23!='1'&G'1!17'9#,0!,22'32#53!J#2I!&'$,&=!25!#32'&17'9#6#9!

#32'&,92#531!,3=!2I'!='G'057)'32!56!7#19#G5&4!#3!,1159#,2#53!J#2I!$&',2'&!5&!0'11'&!

7&575&2#53,0!%1'!56!2I'!*'32I#9!655=!9I,#3.!TI#3$G,00,G,23!S&92#9!9I,&&!'8I#*#2!*52I!

)5&7I505$#9,0!,3=!$&5J2I!&,2'!=#66'&'32#,2#53\!,3=!&'15%&9'1!,77',&!25!*'!7,&2#2#53'=!

*'2J''3!S&92#9!9I,&&!,3=!*&5J3!2&5%2!*,1'=!53!2I'!,G,#0,*#0#24!56!:!12#9@0'*,9@!65&)1!

Z`&#12^u31153!'2!,0.!:UU:[f!7#19#G5&5%1!S&92#9!9I,&&!),#304!9531%)'!12#9@0'*,9@!6&5)!

2I'!=''7'&!T&6%##"*0+"="*)%=!I,*#2,21\!JI'&',1!*&5J3!2&5%2!,&'!&'12&#92'=!25!7#19#G5&4!
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#3!&59@4!0#225&,0!M53'1.!S02I5%$I!0,&$'&!*&5J3!2&5%2!Zp!?K!9)[!J'&'!352!&'7&'1'32'=!#3!

5%&!=,2,!1'2\!5%&!1,)70'1!353'2I'0'11!I,=!'0'G,2'=!2&57I#9!751#2#531!,3=!7,12!12%=#'1!

I,G'!#3=#9,2#3$!2I,2!*&5J3!2&5%2!17'9#,0#M'!53!0#225&,0!7&'4!6#1I!ZB,3$'0,3=!'2!,0.!-DD-\!

_'12I,$'3!'2!,0.!-DDQ\!c,31'3!'2!,0.!:UU:\!"5&1'2I!'2!,0.!:UU?[.!<#'2,&4!=#66'&'39'1!

*'2J''3!2I'!:!12#9@0'*,9@!)5&7I1!95&&'1753=!J'00!J#2I!2I'!5*1'&G'=!=#66'&'39'1!#3!

7&575&2#53!9531%)'=!6&5)!2I'!*'32I#9!655=!9I,#3f!2I'!=''7'&!65&)!',2!)51204!

957'75=1!,3=!90,=59'&,31\!JI'&',1!2I'!1I,005J'&!0#225&,0!65&)!',2!)51204!9I#&535)#=!

0,&G,'!Z`&#12^u31153!'2!,0.!:UU:[.!_5J'G'&\!=''7'&!12#9@0'*,9@!,015!I,G'!,!I#$I'&!

2&57I#9!751#2#53\!9,%1#3$!7#19#G5&5%1!S&92#9!9I,&&!#3!TI#3$G,00,G,23!25!*'!,2!0',12!,1!

I#$I!,1!*&5J3!2&5%2!#3!2&57I#9!751#2#53.!TI'&'!,&'!2J5!'870,3,2#531!65&!2I#1!,77,&'32!

&#1'!#3!2&57I#9!751#2#53f!'#2I'&!-[!2I'!=''7'&!65&)!56!12#9@0'*,9@!,92%,004!9531%)'=!

I#$I'&!2&57I#9!0'G'0!7&'4!J#2I!,!)5&'!0#)3'2#9!1#$3,2%&'\!5&!:[!2I'!*,1'!3#2&5$'3!0'G'01!

I,G'!9I,3$'=!J#2I!='72I!=%'!25!,3,'&5*#9!7&59'11'1!599%&&#3$!#3!2I'!I4750#)3#53!5&!

=#66'&'39'1!#3!#35&$,3#9!3#2&5$'3!15%&9'1!ZP,3='&!j,3='3!,3=!F,1)%11'3!-DDD[.!R#39'!

2I'!2&57I#9!751#2#531!56!*52I!=''704!9,%$I2!12#9@0'*,9@!,3=!7#19#G5&5%1!S&92#9!9I,&&\!

JI#9I!,&'!2I5%$I2!25!6''=!)51204!#3!2I'!T&6%##"*0+"="!&'$#531\!,&'!352!1%*12,32#,004!

I#$I'&!2I,3!2I51'!65%3=!#3!2I'!1I,005J!0,@'!P.!"&#h)%3=,&G,23\!J'!*'0#'G'!2I,2!='72I!

),4!352!I,G'!,!12&53$!#360%'39'!53!2I'1'!G,0%'1.!_5J'G'&\!=#12#3$%#1I#3$!2I'1'!

'870,3,2#531!J5%0=!&'W%#&'!6%&2I'&!1,)70#3$!56!7&56%3=,0!M53'1.!!

@'$&60'2%'-"#*-6%'?)*F&->*500?*F%4)*

! T&57I#9!751#2#53!*&',=2I!J,1!5304!95&&'0,2'=!751#2#G'04!J#2I!1%&6,9'!,&',\!,3=!!

0#@'04!&'60'921!2I'!$&',2'&!'82'31#53!56!2&57I#9!751#2#53!25!I#$I'&!0'G'01.!TI#1!1%775&21!

2I'!I4752I'1#1!2I,2!0,&$'&!0,@'1!4#'0=!$&',2'&!,G,#0,*#0#24!56!I#$I'&!2&57I#9O751#2#53!

7&'4!=%'!25!2I'!,G,#0,*#0#24!56!I,*#2,21!,3=!$&',2'&!95053#M,2#53!752'32#,0!Z+512!'2!,0.!
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:UUU[.!TI'!751#2#G'!95&&'0,2#53!*'2J''3!&,3$'!56!9,&*53!6&5)!2I'!*'32I#9!655=!9I,#3!

9531%)'=!*4!S&92#9!9I,&&!J#2I!)',3!='72I!1%775&2'=!2I'!$'5)'2&#9!I4752I'1#1!2I,2!

$&',2'&!9531%)72#53!56!0#)3'2#9!&'15%&9'1!599%&1!%3='&!953=#2#531!56!$&',2'&!&'0,2#G'!

0#)3'2#9!I,*#2,2!,G,#0,*#0#24.!R%&6,9'!2')7'&,2%&'!J,1!,015!95&&'0,2'=!J#2I!2I#1!

)',1%&'!56!=#'2,&4!*&',=2I!#3!S&92#9!9I,&&\!7511#*04!#3=#9,2#3$!$&',2'&!&%3566!5&!

12&,2#6#9,2#53.!/531#12'32!12&,2#6#9,2#53!56!=#)#92#9!0,@'1!#3!,&92#9!0,@'1!56!S0,1@,!

1I5J'=!I#$I!0'G'01!56!1%*O1%&6,9'!,0$,0!7&5=%92#53!ZB,+'&&#'&'!'2!,0.!:UU?[\!752'32#,004!

4#'0=#3$!,!12,*0'!,3=!7&5=%92#G'!655=!15%&9'!65&!,*%3=,32!M5570,3@253!757%0,2#531.!

S02'&3,2#G'04\!2I'!$&',2'&!&,3$'!25J,&=!='70'2'=!!13
C 1#$3,0!),4!*'!,!1#='!'66'92!56!

$&',2'&!1'=#)'32,2#53!56!0#)3'2#9!&'15%&9'1!25!7&56%3=,0!,&',1!,3=!6#8,2#53!56!9,&*53!

6&5)!&'17#&'=!/L:!5&!*#5$'3#9!)'2I,3'!ZP,3='&!j,3='3!,3=!F,1)%11'3!-DDD\!

c'77'1'3!'2!,0.!:UU:\!_'&1I'4!'2!,0.!:UU>[.!_5J'G'&\!2I'!$&',2'&!9531%)72#53!56!

M5570,3@253!#3!)512!56!2I'!=''7'12!0,@'1!ZTI#3$G,00,G,23\!TI&bI4&3#3$1G,23\!B.!

T,M#)#3,!B,@'[!1%775&2!2I'!#=',!2I,2!2I#1!#1!352!,!1#='O'66'92f!2I'!$&',2'&!&,3$'!#325!

0#)3'2#9!!13
C values results from the!'#2I'&!2I'!=#&'92!M5570,3@253!9531%)72#53!56!

S&92#9!9I,&&!5&'!9531%)72#53!56!M5570,3@2#G5&5%1!7&'4!6#1I.!!

=0'.#()&0')*

TI#1!12%=4!&'7&'1'321!,!&,&'!5775&2%3#24!25!12%=4!2I'!#32'&70,4!*'2J''3!

#32&,17'9#6#9!G,&#,2#53!,3=!2I'!='G'057)'32!56!655=!J'*1!#3!1%*,&92#9!0,@'1.!C,^5&!

=#66'&'39'1!*'2J''3!V9'0,3=!,3=!S0,1@,!,77',&'=!25!*'!,!&'1%02!56!17'9#'1!#32'&,92#531!

J#2I!S&92#9!9I,&&.!V32&,17'9#6#9!G,&#,2#53!#3!2I'!65&)!56!)5&7I505$#9,0!=#66'&'32#,2#53!

#39&',1'=!2I'!&,3$'!56!*'32I#9!G'&1%1!0#)3'2#9!&'15%&9'1!%1'=\!7'&I,71!#39&',1#3$!655=!

J'*!12,*#0#24!*4!,005J#3$!S&92#9!9I,&&!25!,99'11!,3=!1J#29I!*'2J''3!&'15%&9'1!

ZF5),3%@!'2!,0.!:UU>\!F553'4!'2!,0.!:UUK[.!TI'!7&'1'39'!56!7&'4!9,%1'=!$&',2'&!
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2&57I#9!751#2#53!*&',=2I!,3=!*5=4!1#M'1\!2I'&'*4!752'32#,004!7&5)52#3$!&'1#0#'39'!,3=!

12,*#0#24!#3!655=!J'*1!*4!#32&5=%9#3$!#32'&)'=#,2'!7,2IJ,41!,3=!*5=4!1#M'!G,&#,2#53!

0#3@'=!25!G,&#,2#53!#3!'3'&$4!60%8!&,2'1!ZF553'4!'2!,0.!:UUK[.!"%&2I'&)5&'\!2I#1!

G,&#,2#53!J,1!0#3@'=!J#2I!2I'!7I41#9,0!,3=!0,3=19,7'!#3!2I'!65&)!56!'3G#&53)'32,0!

2&'3=1.!S02I5%$I!J'!I,G'!7&5G#='=!,3!5G'&G#'J!='2,#0#3$!2&'3=1!#3!I5J!655=!J'*!

12&%92%&'!G,&#'1!J#2I!17'9#'1!#32'&,92#531!,3=!'3G#&53)'32,0!2&'3=1!,9&511!1%*,&92#9!

0,@'1!56!V9'0,3=!,3=!S0,1@,\!)%9I!J5&@!#1!12#00!0'62!65&!2I'!='0#3',2#53!56!2I'!

)'9I,3#1)1!1%775&2#3$!2I'1'!2&'3=1.!!

>0>&/;<;5;39;=&
�*'&$\!c\!c,31153\!C.\!`,&01153\!c.\!(��1\!`.\!,3=!c531153\!S.!:UQ.!+'0,$#9!,3=!*'32I#9!3'2!

7&5=%92#53!56!=#1150G'=!#35&$,3#9!9,&*53!#3!,3!%37&5=%92#G'!1%*,&92#9!0,@'.!

"&'1IJ,2'&!H#50.!;:f;ED!g!;>U.!

Adams, C., Fraser, D., McCarthy, I., Shields, S., Waldron, S., and Alexander, G. 2003. 

Stable isotope analysis reveals ecological segregation in a bimodal size 

polymorphism in Arctic charr from Loch Tay, Scotland. J. Fish Biol. 62: 474 – 481. 

S=,)1\!/.N.\!"&,1'&\!<.\!_%32#3$65&=\!".S.\!A&''&\!F.H.\!S1@'J\!/.C.\!,3=!Y,0@'&\!S.".!

-DDK.!T&57I#9!7504)5&7I#1)!,)53$12!S&92#9!9I,&&!6&5)!B59I!F,3359I\!

R9520,3=.!c.!"#1I!H#50.!;:f!-:;D!g!-:Q-.!

S)%3=1'3\!+.S.!-DDE.!+#19#G5&4!,3=!9,33#*,0#1)!#3!S&92#9!9I,&&.!c.!"#1I!H#50.!E;!ZR%770.!

S[f!-K-!g!-KD.!!

S)%3=1'3\!+.S.\!`3%=1'3\!F.\!,3=!H&4I3#\!_.T.!:U-U.!(#9I'!%1'!,3=!&'15%&9'!

7,&2#2#53#3$!56!S&92#9!9I,&&\!N%&57',3!JI#2'6#1I!,3=!$&,40#3$!#3!,!1%*,&92#9!0,@'.!

_4=&5*#505$#,!>;Uf!?!g!-E.!

Arbour, J.H., Hardie, D.C., and Hutchings, J.A. 2011. Morphometric and genetic analyses 

of two sympatric morphs of Arctic char Salvelinus alpinus in the Canadian High 

Arctic. Can. J. Zool. 89: 19 – 30. 

S1@\!c.!`,&01153\!c.\!+'&1153\!B.\!S1@\!+.!H412&v)\!+.\!,3=!c,31153\!C.!:UUD.!YI50'O0,@'!

'12#),2'1!56!9,&*53!60%8!2I&5%$I!,0$,'!,3=!*,92'&#,!#3!*'32I#9!,3=!7'0,$#9!

I,*#2,21!56!90',&OJ,2'&!0,@'1.!N9505$4!DUf-D:?!g!-D?:.!

H'&3,29I'M\!B.!i!Y#0153\!/./.!Z-DDK[!/5)7,&,2#G'!7I405$'5$&,7I4!56!(',&92#9!,3=!

+,0',&92#9!6#1I'1.!>0#%=(#"1*?=0#0:.M!Q\!E?-gE;:.!

H412&v)\!+.\!,3=!S3='&1153\!c.!:UU;.!R#M'O='7'3='32!65&,$#3$!9,7,9#2#'1!,3=!
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#32'&95I5&2!95)7'2#2#53!#3!,3!5325$'32#9!5)3#G5&'!ZS&92#9!9I,&[.!L#@51!--Uf!

;:?!g!;?>.!

/,*,3,\!A.\!,3=!F,1)%11'3\!c.H.!-DD>.!/5)7,&#153!56!,W%,2#9!655=!9I,#31!%1#3$!

3#2&5$'3!#15257'1.!+&59.!(,2.!S9,=.!R9#.!56!XRS!D?f!-UKEE!O!-UKEQ.!

/,&7'32'&\!R.F.\!/50'\!c.c.\!+,9'\!C.B.\!P,3!='!H5$'&2\!C.\!H,='\!<.B.\!H,12G#@'3\!<.\!A#00'\!

/.C.\!_5=$153\!c.F.\!`#29I'00\!c.".\!,3=!`&#2M*'&$\!N.R.!:UU;.!N951412')!1%*1#=#'1f!

2'&&'12&#,0!1%775&2!56!655=!J'*1!6&5)!!-?/!,==#2#53!25!9532&,12#3$!0,@'1.!N950.!

K>f!:Q?Q!g!:Q;U.!

/50'\!c.c.\!/,&7'32'&\!R.F.\!`#29I'00\!c.\!+,9'\!C.B.\!R505)53\!/.T.\!,3=!Y'#='0\!H.!:U--.!

R2&53$!'G#='39'!65&!2'&&'12&#,0!1%775&2!56!M5570,3@253!#3!1),00!0,@'1!*,1'=!53!

12,*0'!#15257'1!56!9,&*53\!3#2&5$'3\!,3=!I4=&5$'3.!+&59.!(,2.!S9,=.!R9#�.!

/50'\!c.c.\!/,&7'32'&\!R.F.\!+,9'\!C.B.\!P,3!='!H5$'&2!C./.\!`#29I'00\!c.B.\!,3=!_5=$153\!c.F.!

:UU>.!<#66'&'32#,0!1%775&2!56!0,@'!655=!J'*1!*4!2I&''!247'1!56!2'&&'12&#,0!

5&$,3#9!9,&*53.!N950.!B'22'&1!Df!;;K!g!;>K.!

/5&&#$,3\!B.c.\!Y#36#'0=\!V.c.\!_5'0M'0\!S.F.\!,3=!B%9,1\!C./.!:U--.!<#'2,&4!70,12#9#24!#3!

S&92#9!9I,&&!Z!"#$%#&'()*"#+&'()[!#3!&'17531'!25!053$O2'&)!'3G#&53)'32,0!

9I,3$'.!N950.!"&'1IJ,2'&!"#1I!:Uf!;!g!-?.!

<'3253\!`.+.\!F#9I\!_.H.\!c&.\!C55&'\!c.Y.\!,3=!�%#33\!T.+.!:U-U.!TI'!%2#0#M,2#53!56!,!+,9#6#9!

1,0)53!P'=01-.'=-()*'%1I"*1%*1#=4!*4!2I&''!757%0,2#531!56!9I,&&!!"#$%#&'()*

177.!c.!"#1I!H#50.!QQf!-UU>!O!-U:?.!!

N=)%3=153\!c.S.\!C,M%)='&\!S.!:UU:.!F'$#53,0!,3=!I#'&,&9I#9,0!7'&17'92#G'1!56!

2I'&),0!&'$#)'1!#3!1%*,&92#9\!S0,1@,3!0,@'1.!"&'1IJ,2'&!H#50.!EQf!-!g!-Q.!

"#312,=\!S.A.\!"5&1'2I\!T.\!c531153\!H.\!H'00#'&\!N.\!_'12I,$'3\!T.\!c'31'3\!S.c.\!_'11'3\!<.L.\!

,3=!"50=G#@\!S.!:U--.!/5)7'2#2#G'!'890%1#53!,053$!90#),2'!$&,=#'321f!'3'&$4!

'66#9#'394!#360%'39'1!2I'!=#12&#*%2#53!56!2J5!1,0)53#=!6#1I'1.!A05*.!/I,3$'!H#50.!

-Qf!-QU?!g!-Q-.!

"&,1'&\!<.\!S=,)1\!/.N.\!,3=!_%32#3$65&=\!".S.!-DDK.!T&57I#9!7504)5&7I#1)!,)53$!

S&92#9!9I,&&!!"#$%#&'()*"#+&'()!B.\!6&5)!B59I!N&#9I2\!R9520,3=.!?=0#<*O1%)-Q"6%1*

O&)-!Y[!-KEO-D-.!

"5&1'2I\!T.\!X$'=,0\!L.\!c531153\!H.!-DDE.!TI'!'3'&$4!*%=$'2\!3#9I'!1I#62\!&'7&5=%92#53!

,3=!$&5J2I!#3!,!757%0,2#53!56!S&92#9!/I,&&!!"#$%#&'()*"#+&'()<*c.!S3#).!N950.!>?f!

-->!g!-:>.!

"5&1'2I\!T.\!X$'=,0.\!L.\!c531153\!H.\!,3=!"0')#3$\!V.!:UU?.!R'0'92#53!53!S&92#9!9I,&&!

$'3'&,2'=!*4!95)7'2#2#53!6&5)!*&5J3!2&5%2.!L#@51!-U-f!E>Q!g!EQK.!

A,33'1\!B.j.\!C,&2b3'M!='0!F#5\!,3=!`59I\!+.!-DDK.!(,2%&,0!,*%3=,39'!G,&#,2#53!#3!

12,*0'!#15257'1!,3=!2I'#&!752'32#,0!%1'!#3!,3#),0!7I41#505$#9,0!'9505$4!/5)7.!
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H#59I').!S3=!+I41#50.!--DSf!Q:;!g!Q?Q.!

A&#66#2I1\!<.!-DDE.!TI'!1#M'!12&%92%&'!56!0,9%12&#3'!S&92#9!9I,&&!Z+#19'1f!R,0)53#=,'[!

757%0,2#531.!H#50.!c.!B#33.!R59.!;-f!??Qg?;Q.!

A&#66#2I1\!<.!:UU>.!+,22'&3!,3=!7&59'11!#3!2I'!'9505$#9,0!*#5$'5$&,7I4!56!N%&57',3!

6&'1IJ,2'&!6#1I.!c.!S3#).!N950.!Q;f!Q?E!g!Q;-.!

A%h*'&$1153\!A.\!:UUE.!S&92#9!9I,&&!#3!B,@'!C4G,23f!2I'!9'32'33#,0!9,29I!&'95&=!#3!2I'!

0#$I2!56!&'9'32!1259@!'12#),2'1.!SW%,2.!N950.!?Kf!:Q-!g!:K;.!

A%#$%'&\!`.F.F.S.\!F'#12\!c.<.\!+5J'&\!C.\!,3=!H,*,0%@\!c.S.\!:UU:.!X1#3$!12,*0'!#15257'1!25!

9536#&)!2I'!2&57I#9!'9505$4!56!S&92#9!9I,&&!)5&7I5247'1!6&5)!B,@'!_,M'3\!

(%3,G%2\!/,3,=,.!c.!"#1I!H#50!>Uf!?EK!g!?>:.!

_'00,3=\!V.+.\!"#312,=\!S.A.\!"5&1'2I\!T.\!_'12I,$'3\!T.\!,3=!X$'=,0\!L.!:U--.!V9'O95G'&!

'66'921!53!95)7'2#2#G'!#32'&,92#531!*'2J''3!2J5!6#1I!17'9#'1.!c.!S3#).!N950.!KUf!

;?D!g!;EQ.!

_'&1I'4\!S.N.\!H',24\!R.\!"5&2#35\!`.\!B%'9@'\!/.\!L]H&#'3\!Y.c.\!,3=!YI,0'3\!R./.!:UU>.!

R2,*0'!#15257'!1#$3,2%&'1!56!*'32I#9!#3G'&2'*&,2'1!#3!,&92#9!0,@'1!#3=#9,2'!

0#)#2'=!95%70#3$!25!7'0,$#9!7&5=%92#53.!B#)350.!L9',35$&.!;-f!-QQ!g!-KK.!

_'12I,$'3\!T.\!c531153\!H.\!X$'=,0\!L.\!,3=!"5&1'2I\!T.!-DDQ.!_,*#2,2!%1'!,3=!0#6'!I#125&4!

56!*&5J3!2&5%2!Z!"#30*61(66"[!,3=!S&92#9!9I,&&!Z!"#$%#&'()*"#+&'()[!#3!15)'!05J!

,9#=#24!0,@'1!#3!9'32&,0!(5&J,4.!_4=&5*#505$#,!?EKf!--?!g!-:>.!

c,31'3\!+.S.\!R0'22G50=\!_.\!"#312,=\!S.A.\!,3=!B,3$'0,3=\!S.!:UU:.!(#9I'!1'$&'$,2#53!

*'2J''3!S&92#9!9I,&!Z!"#$%#&'()*"#+&'()[!,3=!*&5J3!2&5%2!Z!"#30*61(66"[f!,3!

'87'&#)'32,0!12%=4!56!)'9I,3#1)1.!/,3.!c.!"#1I.!SW%,2.!R9#.!;Df!>!g!--.!

c'77'1'3\!N.\!B,3=@#0='I%1\!".\!B,%&#=1'3\!T.B.\!c'31'3\!c.!+.\!H^'&&#3$\!F.\!R�3='&$,,&=\!

C.\!,3=!S)1#39@\!R.B.!:UU:.!"55=!J'*!#32'&,92#531!#3!6#G'!",&5'1'!0,@'1!2&,9@'=!

*4!12,*0'!#15257'1.!S33.!R59.!R9#'32.!"{&5'31#1!R%770.!?>f!--E!g!-:;.!

ca3,1153\!+.C.!c531153\!H.\!,3=!R,3=0%3=\!L.!-DDK.!/532#3'32,0!&#62#3$!,3=!I,*#2,2!

65&),2#53f!,&'3,!65&!&'15%&9'!7504)5&7I#1)!#3!S&92#9!9I,&&.!S)*#5!:Qf!->:!g!

->D.!

ca31153\!H.!:UU:.!+,&,00'0!14)7,2&#9!1'$&'$,2#53!#3!S&92#9!9I,&&!,3=!2I&''17#3'=!

12#9@0'*,9@!#3!B,@'!A,02,*a0\!V9'0,3=.!"#1I.!R9#.!>K!ZR%77.!-[f!E;D!g!E>U.!

c531153\!H.\!,3=!c531153\!(.!:UU-.!+504)5&7I#1)!,3=!17'9#,2#53!#3!S&92#9!9I,&&.!c.!"#1I!

H#50.!;Kf!>U;!g!>?K.!

ca31153\!H.\!,3=!R@d0,153\!R.!:UUU.!+504)5&7I#9!1'$&'$,2#53!#3!S&92#9!9I,&&!!"#$&'()*

"#+&'()*ZB.[!6&5)!P,231I0bh,&G,23\!,!1I,005J!V9'0,3=#9!0,@'.!H#50.!c.!B#33',3!R59.!

>Df!;;!g!QE.!

`,&01153\!c.\!c531153\!S.\!C'#0#\!C.\!,3=!c,31153\!C.!:UUE.!!15
N of zooplankton species in 
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subarctic lakes in northern Sweden: effects of diet and trophic fractionation. 2004. 

Freshwater Biol. 49: 526 – 534.!

`,&12OF#==59I\!T.B.\!C,0)W%#12!_.c.!,3=!R)50\!c.+.!:UUD.!F'0,2#531I#71!*'2J''3!

6&'1IJ,2'&!1'=#)'32,&4!=#,25)1!,3=!'3G#&53)'32,0!G,&#,*0'1!#3!R%*,&92#9!

V9'0,3=#9!0,@'1.!"%3=,)'32.!,3=!S770.!B#)350.!-Q;\!-g:K.!

`,J,$%9I#\!q.\!,3=!(,@,35\!R.!:UU-.!/532&#*%2#53!56!2'&&'12&#,0!#3G'&2'*&,2'1!25!2I'!

,33%,0!&'15%&9'!*%=$'2!65&!1,0)53#=1!#3!65&'12!,=3!$&,110,3=!&',9I'1!56!,!

I',=J,2'&!12&',).!"&'1IJ,2'&!H#50.!E>f!?U?!g!?->.!

`'004\!c.".!:UUU.!R2,*0'!#15257'1!56!9,&*53!,3=!3#2&5$'3!#3!2I'!12%=4!56!,G#,3!,3=!

),)),0#,3!2&57I#9!'9505$4!/,3.!c.!L6!j550.!QKf!-!g!:Q.!

`#0^%3'3\!C.\!A&'4\!c.!R#3#1,05\!T.\!_,&&5=\!/.\!V))53'3\!_.\!,3=!c53'1\!F.V.!:UU>.!S!&'G#1'=!

)5='0!65&!0#7#=O35&),0#M#3$!!-?/!G,0%'1!6&5)!,W%,2#9!5&$,3#1)1!J#2I!

#)70#9,2#531!65&!#15257'!)#8#3$!)5='01.!c.!S770#'=!N950.!E?f!-:-?!g!-:::.!

`0')'21'3\!S.\!S)%3=1'3\!+.S.\!A&523'1\!+.N.\!`3%=1'3\!F.\!`&#12566'&1'3\!F.\!,3=!

RG'33#3$\!C.S.!:UU:.!T,@G,23!2I&5%$I!:U!4',&1f!053$O2'&)!'66'921!56!,3!

'87'&#)'32,0!),11!&')5G,0!56!S&92#9!9I,&&\!!"#$%#&'()*)#+&'()\!6&5)!,!1%*,&92#9!

0,@'.!N3G#&53.!H#50.!"#1I'1!>Ef!?D!g!EQ.!

`0#3'\!T./.\!A5'&#3$\!c.c.\!C,2I#1'3\!L.\!,3=!+5'\!+._.!-DD?.!F'9490#3$!56!'0')'321!

2&,3175&2'=!%712&',)!*4!&%31!56!+,9#6#9!1,0)53f!VV.!!-;(!,3=!!-?/!'G#='39'!#3!

2I'!`G#9I,@!&#G'&!J,2'&1I'=\!H&#1250!H,4\!15%2IJ'12'&3!S0,1@,.!/,3.!c.!"#1I.!

SW%,2.!R9#.!;Uf!:?;UO:?>;.!

`3%=1'3\!F.\!S)%3=1'3\!+.S.\!,3=!`0')'21'3\!S.!:U-U.!S&92#9!9I,&!#3!14)7,2&4!J#2I!

*%&*52f!'9505$#9,0!,3=!'G50%2#53,&4!9531'W%'39'1.!_4=&5*#505$#,!>;Uf!E?!g!;E.!!

`&'#3'&\!F.!:UU>.!S3!#3G'12#$,2#53!56!S&92#9!9I,&!Z!"#$%#&'()*"#+&'()[!,3=!0,@'!2&5%2!

Z!"#$%#&'()*'"3".=()-[!#3!B,@'!/0,&@!(,2#53,0!+,&@.!C.R.!TI'1#1\!X3#G'&1#24!56!

V=,I5.!Q>!77.!

!

`&#12^u31153\!H.`.\!R@d0,153\!R.\!,3=!(5,@'1\!<.B.A.!:UU:.!C5&7I505$#9,0!1'$&'$,2#53!56!

V9'0,3=#9!2I&''17#3'!12#9@0'*,9@!Z2")6%10)6%()*"=(#%"6()*B.[.!H#50.!c.!B#33',3!R59.!

Q>f!:EQ!g!:;Q.!

B]S*�'OB%3=\!c._.\!B,3$'0,3=\!S.\!,3=!R{$&5G\!_.!-DD:.!+#19#G5&4!*4!*&5J3!2&5%2!!"#30'*

61(66"*B.!,3=!S&92#9!9I,&&!!"#$%#&'()*"#+&'()*B.!#3!(5&J'$#,3!0,@'1.!c.!"#1I!H#50.!

E-f!D-!g!-U-.!

B]S*�'OB%3=\!c._.\!B,3$'0,3=\!S.\!c531153\!H.\!,3=!X$'=,0\!L.!-DD?.!R7,2#,0!1'$&'$,2#53!

*4!,$'!,3=!1#M'!#3!S&92#9!9I,&&f!,!2&,='O566!*'2J''3!6''=#3$!7511#*#0#24!,3=!&#1@!

56!7&'=,2#53.!c.!S3#).!N950.!>:f!->U!g!->K.!
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B,3$'0,3=\!S.\!B]S*�'OB%3=\!c._.\!c531153\!H.\!,3=!c531153\!(.!-DD-.!F'15%&9'!

7,&2#2#53#3$!,3=!3#9I'!1I#62!#3!S&92#9!9I,&&!!"#$%#&'()*"#+&'()*,3=!*&5J3!2&5%2!

!"#30*61(66"<*c.!S3#).!N950.!>Uf!KD;!g!D-:.!

B,+'&&#'&'\!c.<.\!c53'1\!c.F.\!,3=!RJ,3153\!<.`.!:UU?.!B#)3505$4!56!0,@'1!#3!A,2'1!56!2I'!

S&92#9!(,2#53,0!+,&@!,3=!+&'1'&G'\!S0,1@,.!B,@'!,3=!F'1'&G5#&!C,3,$')'32!-Df!

-UK!g!-:-.!

B'G#3'\!C.S.\!,3=!YI,0'3\!R./.!:UU-.!(%2&#'32!0#)#2,2#53!56!7I42570,3@253!7&5=%92#53!

#3!S0,1@,3!6552I#00!0,@'1.!_4=&5*#505$#,!E;;f!-KD!g!:UU-.!

C,0)W%#12\!_.c.\!S32531153\!T.\!A%h*'&$1153\!A.\!R@d0,153\!R.!i!R35&&,153\!R.R.!Z:UUU[!

H#5=#G'&1#24!56!),9&5#3G'&2'*&,2'1!53!&59@4!1%*12&,2'!#3!2I'!1%&6!M53'!56!

V9'0,3=#9!0,@'1.!P'&I.!V32.!P'&.!B#)350.M!:Q\!-gQ.!

C,0)W%#12\!_.c.\!V3$#),&1153\!".\!caI,331=a22#&\!Ab10,153\!<.\!,3=!R35&&,153\!R.R.!-DD:,.!

H#505$4!56!*&5J3!2&5%2!Z!"#30*61(66"[!,3=!S&92#9!9I,&&!Z!"#$%#&'()*"#+&'()[!#3!

65%&!",&5'1'!0,@'1.!S33.!R59.!R9#.!"{&5'31#1!R%770.!?>f!DE!O!--?.!

C,0)W%#12\!_.c.\!R35&&,153\!R.R\!R@d0,153\!R.\!c531153\!H.\!R,3=0%3=\!L.T.\!,3=!c53,1153\!

+.C.!-DD:*.!<#'2!=#66'&'32#,2#53!#3!7504)5&7I#9!S&92#9!9I,&&!#3!TI#3$G,00,G,23\!

V9'0,3=.!c5%&3,0!56!S3#).!N950.!>-f!:-!g!?;.!

C,0)W%#12\!_.c.\!R35&&,153\!R.R.\!R@d0,153\!R.\!ca3153\!H.\!R,3=0%3=\!L.T.\!,3=!ca3,1153\!

+.C.!-DD:*.!<#'2!=#66'&'32#,2#53!#3!7504)5&7I#9!S&92#9!9I,&&!#3!TI#3$G,00,G,23\!

V9'0,3=.!c.!S3#).!N950.!>-f!:-!O!?;.!

C,22I'J1\!H.\!,3=!C,M%)='&\!S.!:UUE.!S!9&#2#9,0!'G,0%,2#53!65!#32&,757%0,2#53!

G,&#,2#53!56!!13
C and isotopic evidence of individual specialization. Oecologia 140: 

361 – 371.!

+#'3#2M\!F.\!R)50\!c.+.\!,3=!B',3\!<.F.R.!-DDQ.!+I41#9,0!,3=!9I')#9,0!0#)3505$4!56!;D!

0,@'1!059,2'=!*'2J''3!2I'!15%2I'&3!q%@53!,3=!2I'!T%@254,@2%@!+'3#31%,\!

(5&2IJ'12!T'&&#25&#'1!Z/,3,=,[.!/,3.!c.!"#1I.!SW%,2.!R9#.!;Ef!??U!g!?E>.!

+512\!<.C.!:UU:.!X1#3$!12,*0'!#15257'1!25!'12#),2'!2&57I#9!751#2#53f!C5='01\!)'2I5=1!

,3=!,11%)72#531.!N950.!K:?f!QU?!g!Q-K.!

+512\!<.C.\!+,9'\!C.B.\!,3=!_,#&1253\!(.A.\!c&.!:UUU.!N951412')!1#M'!='2'&)#3'1!655=O

9I,#3!0'3$2I!#3!0,@'1.!(,2%&'!EU;f!-UEQ!g!-UED.!

+5J'&\!C.\!+5J'&\!A.\!/,&53\!".\!<5%9'22\!F.F.\!,3=!A%#$%'&\!`.F.S.!:UU:.!A&5J2I!,3=!

=#'2,&4!3#9I'!#3!!"#$%#&'()*"#+&'()*,3=!!"#$%#&'()*U0'6&'"#&)*,1!&'G',0'=!*4!12,*0'!

#15257'!,3,041#1!N3G#&53.!H#50.!"#1I.!>Ef!Q;!g!K;.!

+5J'&\!C.\!+5J'&\!A.\!/,&53\!".\!<5%9'22\!F.F.\!,3=!A%#$%'&\!`.F.S.!:UU:.!A&5J2I!,3=!

=#'2,&4!3#9I'!#3!!"#$%#&'()*"#+&'()*,3=!!"#$%#&'()*U0'6&'"#&)*,1!&'G',0'=!*4!12,*0'!

#15257'!,3,041#1.!N3G#&53.!H#50.!"#1I.!>Ef!Q;!g!K;.!
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F!<'G'057)'32!/5&'!T',).!:U--.!Ff!S!0,3$%,$'!,3=!'3G#&53)'32!65&!12,2#12#9,0!

95)7%2#3$.!F!"5%3=,2#53!65&!R2,2#12#9,0!/5)7%2#3$\!P#'33,\!S%12&#,.!VRH(!?O

DUUU;-OUQOU\!XFB!I227feeJJJ.FO7&5^'92.5&$e.!

F,%2#5\!C.\!,3=!P#39'32\!Y.!:UUQ.!V15257#9!,3,041#1!56!2I'!15%&9'1!56!5&$,3#9!9,&*53!65&!

M5570,3@253!#3!1I,005J!1%*,&92#9!,3=!,&92#9!J,2'&1.!N95$&,7I4!?UfQQ!g!KQ.!

F5*#3153\!H.Y.!i!R9I0%2'&\!<.!Z:UUU[!(,2%&,0!1'0'92#53!,3=!2I'!'G50%2#53!56!,=,72#G'!

$'3'2#9!&,=#,2#53!#3!35&2I'&3!6&'1IJ,2'&!6#1I'1.!5/"+6&$%*2%'%6&=*\"1&"6&0'!Z'=1!

C5%11',%\!T.S.\!R#3'&G5\!H.!i!N3=0'&\!c.[\!77.!>;gDE.!L865&=!X3#G'&1#24!+&'11\!

L865&=.!

F5),3%@\!T.(.\!H'#13'&\!H.N.\!C,&2#3'\!(.<.\!,3=!`50,1,\!c.!:UU>.!(53O5)3#G5&5%1!

$'3'&,0#24!7&5)52'1!757%0,2#53!12,*#0#24.!H#50.!B'22'&1!:f!?QE!g!?QQ.!

F553'4\!(.\!C9/,33\!`.R.\!,3=!C55&'\!c./.!:UUK.!S!0,3=19,7'!2I'5&4!65&!655=!J'*!

,&9I#2'92%&'.!N950.!B'22'&1!--f!K>Q!g!KK-.!

R,3=0%3=\!L.T.\!C%1'2I\!c.\!({1^'\!T.".\!F5$3'&%=\!R.\!R,@1$�&=\!F.\!_'12I,$'3\!T.\!,3=!

H5&$12&�)\!F.!:U-U.!_,*#2,2!%1'!,3=!=#'2!56!14)7,2&#9!S&92#9!9I,&&!Z!"#$%#&'()*

"#+&'()[!,3=!JI#2'6#1I!Z,01%:0'()*#"$"1%6()[!#3!6#G'!0,@'1!#3!15%2I'&3!(5&J,4f!

352!5304!#32'&17'9#6#9!757%0,2#53!=5)#3,39'�!_4=&5*#505$#,!>;Uf!:Q!g!E-.!

R9I#'0@'\!N.A.\!,3=!+512\!<.C.!:U-U.!R#M'!),22'&1f!95)7,&#3$!12,*0'!#15257'!&,2#51!56!

2#11%'!70%$1!,3=!JI50'!5&$,3#1)1.!B#)350.!L9',35$&.f!C'2I5=1!Kf!?EK!g!?;-.!

R9I#3=0'&\!<.N.\!,3=!R9I'%&'00\!C.<.!:UU:.!_,*#2,2!95%70#3$!#3!0,@'!'951412')1.!L#@51!

DKf-QQ!g!-KD.!

R9I0%2'&\!<.!-DD>.!N9505$#9,0!17'9#,2#53!#3!7512$0,9#,0!6#1I'1.!+I#0.!T&,31.!F54.!R59.!Hf!

H#505$#9,0!R9#'39'1!?;-f!KUQgK-E.!!

R#'&1M'3\!C.N.\!C9<53,0=\!C.N.\!,3=!c'31'3\!<.S.!:UU?.!H'32I51!,1!2I'!*,1#1!65&!,&92#9!

0,@'!655=!J'*1.!SW%,2#9!N950.!?Qf!E?Q!g!EE;.!
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/,&01153\!(.L.B.\!R,&3'00'\!L.\!,3=!R2&,4'&\!<.B.!:UUD.!(,2#G'!7&'=,25&1!,3=!'852#9!7&'4!g!

,3!,9W%#&'=!2,12'�!"&532.!N950.!N3G#&53.!Qf!;:;O;?:.!

/,%2\!R.\!F5')'&\!A.Y.\!<530,3\!/.c.\!i!/5%&9I,)7\!".!:UU>.!/5%70#3$!12,*0'!#15257'1!

J#2I!*#5'3'&$'2#91!25!'12#),2'!#32'&17'9#6#9!#32'&,92#531.!N950.!S77.!->f!-KD?O

-DUU.!

/5I'3\!q.\!+,125&\!c.\!,3=!P#39'32\!T.B.!:UUU.!NG50%2#53,&4!12&,2'$#'1!,3=!3%2&#'32!

9490#3$!#3!'951412')1.!NG50.!N950.!F'1.!:f!Q-DOQE?.!

/533'00\!c._.!-DK?.!L3!2I'!7&'G,0'39'!,3=!&'0,2#G'!#)75&2,39'!56!#32'&17'9#6#9!

95)7'2#2#53.!S).!(,2.!-::f!>>-!g!>D>.!

/543'\!c.S.\!,3=!L&&\!_.S.!:UUE.!R7'9#,2#53.!R#3,%'&!S1159#,2'1\!R%3='&0,3=\!CS.!;E;!77.!

"&#'1'3\!C.B.\!R,8'&\!A.\!T&,G#1,35\!C.\!,3=!<5'*'0#\!C.!:UUE.!N87'&#)'32,0!'G#='39'!65&!

14)7,2&#9!'9505$#9,0!=#G'&1#6#9,2#53!=%'!25!6&'W%'394O='7'3='32!95)7'2#2#53!#3!

N19I'&#9I#,!950#.!NG50%2#53!;Kf!:E;!g!:>U.!

"%3@\!<.c.!:UUD.!V3G'12#$,2#3$!'9505$#9,0!17'9#,2#53.!V3f!R7'9#,2#53!,3=!+,22'&31!56!

<#G'&1#24.!H%20#3\!F.\!H&#=0'\!c.\!,3=!R9I0%2'&\!<.\!'=1.!/,)*&#=$'!X3#G'&1#24!+&'11\!

/,)*&#=$'.!???!77.!
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A,G&#0'21\!R.!:UUE.!A'3'2#9!2I'5&#'1!56!,0057,2&#9!,3=!7,&,7,2&#9!17'9#,2#53.!V3f!S=,72#G'!

R7'9#,2#53.!/,)*&#=$'!X3#G'&1#24!+&'11\!/,)*&#=$'.!E>U!77.!

A'&#2M\!R.S._\!`#1=#\!�.\!C'1M�3,\!A.!\,3=!C'2M\!c.S.c.!:UUE.!S=,72#G'!=43,)#91!56!

17'9#,2#53f!'9505$#9,0!%3='&7#33#3$1.!V3f!S=,72#G'!17'9#,2#53.!/,)*&#=$'!

X3#G'&1#24!+&'11\!/,)*&#=$'.!E>U!77.!

A&,4\!R.C.\!,3=!F5*#3153\!H.Y.!:UU:.!N87'&#)'32,0!'G#='39'!2I,2!95)7'2#2#53!*'2J''3!

12#9@0'*,9@!17'9#'1!6,G5%&1!,=,72#G'!9I,&,92'&!=#G'&$'39'.!N950.!B'22.!;f!:>E!g!

:Q:.!

_,#&1253\!(.A.\!N003'&\!R.+.\!A'*'&\!C.S.\!q51I#=,\!T.\!,3=!"58\!c.S.!:UU;.!F,7#=!'G50%2#53!

,3=!2I'!953G'&$'39'!56!'9505$#9,0!,3=!'G50%2#53,&4!2#)'.!N950.!B'22'&1!Kf!---E!g!

--:Q.!

_,&G'4\!/.c.\!_,3153\!+./.\!N11#3$253\!T.N.\!i!`#29I'00\!c.".!:UU:.!X1#3$!*#5'3'&$'2#91!

)5='01!25!7&'=#92!12,*0'!#15257'!&,2#51!#3!6#1I'1.!/,3.!c.!"#1I.!SW%,2.!R9#.!;Df--;O

-:E.!

_'3=&4\!S.+.!:UUD.!N9505$#9,0!17'9#,2#53�!L&!2I'!0,9@!2I'&'56�!/,3.!c.!"#1I.!SW%,2.!R9#.!

>>f!-?K?!g!-?DK.!

_'3=&4\!S.+.\!,3=!`#33#153\!C.T.!-DDD.!TI'!7,9'!56!)5='&3!0#6'f!)',1%&#3$!&,2'1!56!

9532')75&,&4!)#9&5'G50%2#53.!NG50%2#53!;?f!->?Q!g!->;?.!

_'3=&4\!S.+.\!H503#9@\!<.V.\!H'&3'&\!<.\!,3=!+'#9I'0\!/.B.!:UUD.!S053$!2I'!17'9#,2#53!

9532#3%%)!#3!12#9@0'*,9@1.!c5%&3,0!56!"#1I!H#505$4!Q;f!:UUU!g!:U?>.!

_5=$153!cF!,3=!`#29I'00!c".!-DKQ.!L775&2%3#12#9!65&,$#3$!*4!0,&$'O)5%2I!*,11!

Z>&=10+6%1()*)"#30&/%)[.!S).!C#=0.!(,2.!--Kf!?:?!g!??>.!

_502\!F.<.\!,3=!`#)*&'00\!T.!:UUQ.!"5&,$#3$!,3=!757%0,2#53!=43,)#91.!77.!?>;!g!?D>!#3!

"5&,$#3$!H'I,G#5&!,3=!N9505$4.!N=1.!<.Y.!R2'7I'31\!c.R.!H&5J3\!,3=!F./.!

q='3*'&$.!

_%**'00\!R.+.!:UU-.!TI'!%3#6#'=!3'%2&,0!2I'5&4!56!*#5=#G'&1#24!,3=!*#5$'5$&,7I4.!

+&#39'253!X3#G'&1#24!+&'11\!+&#39'253.!EEK!77.!

_%=153\!S.A.\!P530,32I'3\!+.\!,3=!R''I,%1'3\!L.!:U--.!F,7#=!7,&,00'0!,=,72#G'!

&,=#,2#531!6&5)!,!1#3$0'!I4*&#=5$'3#9!,39'12&,0!757%0,2#53.!+&59.!F.!R59.!B53=.!H!

H#50.!R9#.!:QKf!;K!g!>>.!

_%29I#3153\!A.N.!-D;Q.!/5390%=#3$!&'),&@1.!/50=!R7&#3$!_,&*5&!R4)751#,!53!

�%,32#2,2#G'!H#505$4!::f!E-;!g!E:Q.!

c'71'3\!<.H.\!i!Y#3')#00'&\!`.L.!:UUQ.!H,1#3!$'59I')#12&4!,3=!#15257#9!&,2#51!56!6#1I'1!

,3=!*,1,0!7&5=%92#53!15%&9'1!#3!65%&!3'52&57#9,0!&#G'&1.!N950.!"&'1IJ,2'&!"#1I!

->f!:>QO:K-.!

`,I#0,#3'3\!`.\!,3=!B'I253'3\!_.!:UU?.!+#19#G5&4!,3=!7&'4!1'0'92#53!56!65%&!7&'=,25&!
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17'9#'1!#3!,!JI#2'6#1I!=5)#3,2'=!1%*,&92#9!0,@'.!c.!"#1I!H#50.!>?f!>;DO>Q:.!

`#33#153\!C.T.\!,3=!_'3=&4\!S.+.!:UU-.!TI'!7,9'!56!)5='&3!0#6'!VVf!6&5)!&,2'1!56!

9532')75&,&4!)#9&5'G50%2#53!25!7,22'&3!,3=!7&59'11.!A'3'2#9,f!-E;!g!->E.!

`#33#153\!C.T.\!X3J#3\!C.c.\!_'3=&4\!S.+.\!,3=!�%#33\!T.+.!:UU-.!C#$&,25&4!95121!,3=!2I'!

'G50%2#53!56!'$$!1#M'!,3=!3%)*'&!#3!#32&5=%9'=!,3=!#3=#$'35%1!1,0)53!

757%0,2#531.!NG50%2#53!;;f!->;>!g!->>Q.!

`520'&\!H.+.\!,3=!H&5J3\!c.R.!:UUQ.!/5))%3#24!N9505$4!77.!?DQOE?>!#3!"5&,$#3$!

H'I,G#5&!,3=!N9505$4.!N=1.!<.Y.!R2'7I'31\!c.R.!H&5J3\!,3=!F./.!q='3*'&$.!

B,4),3\!/.S.\!'2!,0.!:UUQ.!/,3!12,*0'!#15257'!&,2#51!7&5G#='!65&!95))%3#24OJ#='!

)',1%&'1!56!2&57I#9!12&%92%&'�!N9505$4!KKf!E:OEK.!

B5151\!c.H.\!Y,&I'#2\!`.V.\!,3=!R9I5'3'&\!T.Y.!-DDQ.!S=,72#G'!=#66'&'32#,2#53!65005J#3$!

'87'&#)'32,0!#10,3=!95053#M,2#53!#3!S350#1!0#M,&=1.!(,2%&'!?KQf!QU!g!Q?.!

C,9S&2I%&\!F._.\!,3=!B'G#31\!F.!-D>Q.!TI'!0#)#2#3$!1#)#0,&#24\!953G'&$'39'\!,3=!

=#G'&$'39'!56!95'8#12#3$!17'9#'1.!S).!(,2.!-U-f!?QQ!g!?K;.!

C,9S&2I%&\!F._.\!,3=!+#,3@,\!N.F.!-D>>.!S3!572#),0!%1'!56!,!7,29I4!'3G#&53)'32.!S).!

(,2.!-UUf!>U?!g!>UD.!

C,$%&&,3\!S.N.!-DDD.!+57%0,2#53!=#66'&'32#,2#53!J#2I5%2!17'9#,2#53.!V3f!NG50%2#53!56!

H#505$#9,0!<#G'&1#24.!C,$%&&,3\!S.N.\!,3=!C,4\!F.C.\!'=1.!L865&=!X3#G'&1#24!+&'11\!

L865&=.!?:D!77.!

C,00'2\!c.!:UUD.!F,7#=!17'9#,2#53\!I4*&#=#M,2#53!,3=!,=,72#G'!&,=#,2#53.!V3f!R7'9#,2#53!

,3=!+,22'&31!56!<#G'&1#24.!H%20#3\!F.\!H&#=0'\!c.\!,3=!R9I0%2'&\!<.\!'=1.!/,)*&#=$'!

X3#G'&1#24!+&'11\!/,)*&#=$'.!???!77.!

C,4&\!N.!-D>?.!S3#),0!17'9#'1!,3=!'G50%2#53.!H'0@3,7!+&'11\!/,)*&#=$'.!

C5&#\!R.\!,3=!T,@,)%&,\!(.!:UUE.!/I,3$'1!#3!)5&7I505$#9,0!9I,&,92'&#12#91!56!,3!

#32&5=%9'=!757%0,2#53!56!2I'!2I&''17#3'!12#9@0'*,9@!2")6%10)6%()*"=(#%"6()!#3!

B,@'!T5J,=,\!35&2I'&3!c,7,3.!V9I2I4.!F'1.!;-f!:D;!g!?UU.!

(,1I\!/.N.!:UU?.!V32'&,92#531!56!S20,32#9!1,0)53!#3!2I'!+,9#6#9!(5&2IJ'12!PV.!S!143571#1!

56!2I'!&#1@!,3=!%39'&2,#324.!"#1I'&#'1!F'1.!>:f!??D!g!?EQ.!

(51#0\!+.\!,3=!_,&)53\!B.!:UUD.!(#9I'!=#)'31#53,0#24!,3=!'9505$#9,0!17'9#,2#53.!V3f!

R7'9#,2#53!,3=!+,22'&31!56!<#G'&1#24.!H%20#3\!F.\!H&#=0'\!c.\!,3=!R9I0%2'&\!<.\!'=1.!

/,)*&#=$'!X3#G'&1#24!+&'11\!/,)*&#=$'.!???!77.!

+6'33#$\!<.Y.\!,3=!C%&7I4\!+.c.!:UU:.!_5J!60%92%,2#3$!95)7'2#2#53!,3=!7I'35247#9!

70,12#9#24!)'=#,2'!17'9#'1!=#G'&$'39'.!NG50%2#53!;>f!-:-Q!g!-::K.!

+512\!<.C.\!`#29I'00\!c.".\!,3=!_5=$153\!c.F.!-DDK.!V32'&,92#531!,)53$!,=%02!=')5$&,7I4\!

17,J3#3$!=,2'\!$&5J2I!&,2'\!7&'=,2#53\!5G'&J#32'&!)5&2,0#24\!,3=!2I'!

&'9&%#2)'32!56!0,&$')5%2I!*,11!#3!,!35&2I'&3!0,@'.!/,3.!c.!"#1I.!SW%,2.!R9#.!;;f!
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:;KK!g!:>UU.!

+5J'&\!C.N.\!T#0),3\!<.\!N12'1\!c.S.\!C'3$'\!H.S.\!H53=\!Y.c.\!C#001\!B.R.\!<,#04\!A.\!/,12#00,\!

c./.\!B%*9I'395\!c.\!,3=!+,#3'\!F.T.!-DD;.!/I,00'3$'1!#3!2I'!W%'12!65&!@'41253'1.!

H#5R9#'39'!E>f!>UD!g!>:U.!

+&#9'\!T.!-DDD.!R'8%,0!1'0'92#53!,3=!3,2%&,0!1'0'92#53!#3!*#&=!17'9#,2#53.!V3f!NG50%2#53!56!

H#505$#9,0!<#G'&1#24.!C,$%&&,3\!S.N.\!,3=!C,4\!F.C.\!'=1.!L865&=!X3#G'&1#24!+&'11\!

L865&=.!?:D!77.!

+4@'!A_\!+%00#,)\!_F\!,3=!/I,&35G!NB.!-DQQ.!L72#),0!65&,$#3$f!,!1'0'92#G'!&'G#'J!56!

2I'5&4!,3=!2'12.!�!F'G!H#50.!;:f!-?Q!g!-;E.!

�%#33\!T.+.!:UU;.!TI'!H'I,G#5&!,3=!N9505$4!56!+,9#6#9!R,0)53!,3=!T&5%2.!X3#G'&1#24!56!

Y,1I#3$253!+&'11\!R',220'.!?QK!77.!

�%#33\!T.+.\!<5925&\!`.\!`'3=,00\!(.\!,3=!F#9I\!_.H.!:UUD.!<#,=&5)4!,3=!2I'!0#6'!I#125&4!56!

159@'4'!1,0)53f!3,2%&'\!3%&2%&'\!,3=!2I'!I,3=!56!),3.!S"R!R4)751#%)!>Df!:?!g!

E:.!

�%#33\!T.+.\!`#33#153\!C.T.\!,3=!X3J#3\!C.c.!:UU-.!NG50%2#53!56!9I#355@!1,0)53!

ZP'=01-.'=-()*6)-"Q.6)=-"[!757%0,2#531!#3!('J!j',0,3=f!7,22'&3\!&,2'\!,3=!

7&59'11.!A'3'2#9,!--:!g!--?f!ED?!g!;-?.!

�%#33.\!T.+.!-DDD.!F'G#1#2#3$!2I'!1259@!9539'72!#3!+,9#6#9!1,0)53f!#31#$I21!6&5)!S0,1@,!

,3=!('J!j',0,3=.!(5&2IJ'12!R9#.!Q?f!?-:!g!?:E.!

F'#)9I'3\!T.N.!-DDE.!+&'=,25&1!,3=!)5&7I505$#9,0!'G50%2#53!#3!2I&''17#3'!12#9@0'*,9@\!

77.!:EU!g!:Q>!#3!TI'!NG50%2#53,&4!H#505$4!5&!2I'!TI&''17#3'!R2#9@0'*,9@.!H'00\!

C.S.\!,3=!"512'&\!R.S.\!'=1.!L865&=!X3#G'&1#24!+&'11\!L865&=.!

F'M3#9@\!<.(.\!H&4$,\!_.\!,3=!N3=0'&\!c.N.!-DDU.!N87'&#)'32,004!#3=%9'=!0#6'OI#125&4!

'G50%2#53!#3!,!3,2%&,0!757%0,2#53.!(,2%&'!?E>f!?;Q!g!?;D.!

F553'4\!(.\!C9/,33\!`.\!A'003'&\!A.\!,3=!C55&'\!c./.!:UU>.!R2&%92%&,0!,14))'2&4!,3=!2I'!

12,*#0#24!56!=#G'&1'!655=!J'*1.!(,2%&'!EE:f!:>;O:>D.!

F5%1'\!Y.F.\!<5%$0,1\!C.R.P.\!_'9@'4\!F.N.\!_'&1I'4\!S.N.\!`0#3$\!A.Y.\!B'1,9@\!B.\!C,&1I\!

+.\!C9<53,0=\!C.\!(#9I50153\!H.c.\!F5%0'2\!(.T.\!,3=!R)50\!c.+.!-DDQ.!N66'921!56!

90#),2'!9I,3$'!53!2I'!J,2'&1!56!,&92#9!,3=!1%*,&92#9!(5&2I!S)'&#9,.!_4=&50.!

+&59.!--f!KQ?ODU:.!

F%3=0'\!_.<.!:UU:.!S!2'12!56!'9505$#9,004!='7'3='32!7512),2#3$!#150,2#53!*'2J''3!

14)7,2&#9!12#9@0'*,9@1.!NG50%#53!;>f!?::!g!?:D.!

R,@,#\!C.\!,3=!N17#351!S.!-DDE.!F'7',2!I5)#3$!,3=!)#$&,2#53!56!&,#3*5J!2&5%2!25!2I'!

#30'2!,3=!5%20'2!17,J3#3$!12&',)1!#3!,!7,2,$53#,3!0,@'\!S&$'32#3,.!"#1I'&#'1!

R#'39!>Uf!-?Q!g!-E:.!

R9I')1@'\!<.Y.!:UUD.!H#52#9!#32'&,92#531!,3=!17'9#,2#53!#3!2I'!2&57#91.!V3f!R7'9#,2#53!
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,3=!+,22'&31!56!<#G'&1#24.!H%20#3\!F.\!H&#=0'\!c.\!,3=!R9I0%2'&\!<.\!'=1.!/,)*&#=$'!

X3#G'&1#24!+&'11\!/,)*&#=$'.!???!77.!

R9I0%2'&\!<.!-DK-.!<5'1!2I'!2I'5&4!56!572#),0!=#'21!,7704!#3!95)70'8!'3G#&53)'321�!

S).!(,2.!--Kf!-?D!g!-EQ.!!

R9I0%2'&\!<.!:UUU.!TI'!'9505$4!56!,=,72#G'!&,=#,2#53.!L865&=!X3#G'&1#24!+&'11\!L865&=.!

:KK!77.!

R9I0%2'&\!<.!:UUD.!NG#='39'!65&!'9505$#9,0!17'9#,2#53!,3=!#21!,02'&3,2#G'.!R9#'39'!?:?f!

Q?Q!g!QE-.!

R9I5'3'&.!T.Y.!-DK?.!"#'0=!'87'&#)'321!53!#32'&17'9#6#9!95)7'2#2#53.!S).!(,2.!-::f!

:EU!g!:K;.!

R''I,%1'3\!L.!:UU>.!/531'&G,2#53f!B51#3$!*#5=#G'&1#24!*4!&'G'&1'!17'9#,2#53.!/%&&'32!

H#50.!->f!F??E!g!F??Q.!

R''I,%1'3\!L.!:UUD.!+&5$&'11#G'!0'G'01!56!2&,#2!=#G'&$'39'!,053$!,!k17'9#,2#53!2&,31'92k!

#3!2I'!B,@'!P#925&#,!9#9I0#=!6#1I!+%3=,)#0#,.!V3f!R7'9#,2#53!,3=!+,22'&31!56!

<#G'&1#24.!H%20#3\!F.\!H&#=0'\!c.\!,3=!R9I0%2'&\!<.\!'=1.!/,)*&#=$'!X3#G'&1#24!+&'11\!

/,)*&#=$'.!???!77.!

R@d0,153\!R.\!R35&&,153\!R.R.\!(5,@'1\!<.B.A.\!,3=!"'&$%153\!C.C.!-DD>.!A'3'2#9!*,1#1!56!

0#6'!I#125&4!G,&#,2#531!,)53$!14)7,2&#9!)5&7I1!56!S&92#9!9I,&\!R,0G'0#3%1!

,07#3%1.!/,3.!c.!"#1I.!SW%,2.!R9#.!;?f!-KUQ!g!-K-?.!

R)#2I\!T.H.\!,3=!R@d0,153\!R.!-DD>.!NG50%2#53,&4!1#$3#6#9,39'!56!&'15%&9'!

7504)5&7I#1)1!#3!6#1I'1\!,)7I#*#,31\!,3=!*#&=1.!S33.!F'G.!N950.!R412.!:Qf!---!g!

-??.!

R35&&,153\!R.R.\!,3=!R@d0,153\!R.!:UUE.!S=,72#G'!17'9#,2#53!#3!35&2I'&3!6&'1IJ,2'&!

6#1I'1.!V3f!S=,72#G'!R7'9#,2#53.!/,)*&#=$'!X3#G'&1#24!+&'11\!/,)*&#=$'.!E>U!77.!

R2',&31\!R./.!-DK?.!S!3,2&%,0!'87'&#)'32!#3!=#66'&'39'1!#3!0#6'OI#125&4!2&,#21!,)53$!1#8!

757%0,2#531!56!)51W%#256#1I!Z2"3X()&"*"UU&'&)[!25!_,J,##.!NG50%2#53!?Qf!>U-!g!

>-Q.!

R2',&31\!R./.!-DD:.!TI'!NG50%2#53!56!B#6'!_#125&#'1.!L865&=!X3#G'&1#24!+&'11\!L865&=.!:ED!

77.!

T,405&\!H.Y.\!"0'9@'&\!S.R.\!,3=!_,00\!F.L.!:UU>.!B511!56!,!I,&G'12'=!6#1I!17'9#'1!=#1&%721!

9,&*53!605J!#3!,!=#G'&1'!2&57#9,0!&#G'&.!R9#'39'!;QKKf!K??OK?>.!

T,405&\!N.H.\!H5%$I),3\!c.Y.\!,3=!A&5'3'3*55)\!C.\!R3#,2431@#\!C.\!R9I0%2'&\!<.\!,3=!

A5J\!c.B.!:UU>.!R7'9#,2#53!#3!&'G'&1'f!)5&7I505$#9,0!,3=!$'3'2#9!'G#='39'!56!2I'!

9500,71'!56!,!2I&''O17#3'=!12#9@0'*,9@!Z2")6%10)6%()*"=(#%"6()[!17'9#'1!7,#&.!C50.!

N950.!-;f!?E?!g!?;;.!

T%&3'&\!A.".!-DDD.!N87051#G'!17'9#,2#53!56!S6&#9,3!9#9I0#=!6#1I'1.!V3f!NG50%2#53!56!
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H#505$#9,0!<#G'&1#24.!C,$%&&,3\!S.N.\!,3=!C,4\!F.C.\!'=1.!L865&=!X3#G'&1#24!+&'11\!

L865&=.!?:D!77.!

T4'&),3\!c.\!_,G,&=\!(.\!R,8'&\!A.\!T&,G#1,35\!C.\!,3=!<5'*'0#\!C.!:UU;.!X37,&,00'0!

=#G'&1#6#9,2#53!#3!*,92'&#,0!)#9&5951)1.!+&59.!F54.!R59.!H!:Q:f!-?D?!g!-?DK.!

P'3,*0'1\!Y.(.\!,3=!F#70'4\!H.<.!:UU:.!C5='&3!S770#'=!R2,2#12#91!J#2I!R.!"5%&2I!'=#2#53.!

R7&#3$'&\!('J!q5&@.!ED;!77.!

P#0,OA#17'&2\!S.\!"58\!C.A.\!j,)5&,\!B.\!C5&'35OS)#9I\!F.!:UUQ.!C5&7I505$#9,0!G,&#,2#53!

#3!7%)7@#31''=!4%+03&)*:&XX0)()!#32&5=%9'=!#325!V*'&#,3!0,@'1!,3=!&'1'&G5#&1l!

,=,72,2#531!25!I,*#2,2!247'!,3=!=#'2�!c.!"#1I!H#50.!Q-f!->?!g!-K-!

Y,02'&1\!/.!,3=!c%,3'1\!".!-DD?.!F'9&%#2)'32!0#)#2,2#53!,1!,!9531'W%'39'!56!3,2%&,0!

1'0'92#53!65&!%1'!56!&'12&#92'=!6''=#3$!I,*#2,21!,3=!7&'=,2#53!&#1@!2,@#3$!*4!

^%G'3#0'!6#1I'1.!/,3.!c.!"#1I.!SW%,2.!R9#.!;Uf!:U;K!g!:UQU.!

Y,02'&1\!/.!,3=!`#29I'00\!c.".!:UU-.!/%02#G,2#53e='7'31,2#53!'66'921!53!^%G'3#0'!1%&G#G,0!

,3=!&'9&%#2)'32f!#)70#9,2#531!65&!2I'!2I'5&4!56!6#1I#3$.!/,3.!c.!"#1I.!SW%,2.!R9#.!

;Kf!?D!g!;U.!

Y,70'1\!F.R.!-DD;.!NG50%2#53,&#04!1#$3#6#9,32!%3#21!,3=!2I'!9531'&G,2#53!56!*#505$#9,0!

=#G'&1#24!%3='&!2I'!N3=,3$'&'=!R7'9#'1!S92.!S)'&.!"#1I.!R59.!R4)7.!-Qf!K!g!:Q.!

Y'#I'&\!N.!,3=!`'==4\!+.\!'=1\!-DDD.!N9505$#9,0!S11')*04!F%0'1f!+'&17'92#G'1\!

,=G,39'1\!&'2&',21.!/,)*&#=$'!X3#G'&1#24!+&'11\!/,)*&#=$'.!E?U!77.!

Y'&3'&\!N.N.\!,3=!A#00#,)\!c.".!-DKE.!TI'!5325$'3'2#9!3#9I'!,3=!17'9#'1!#32'&,92#531!#3!

1#M'O12&%92%&'=!757%0,2#531.!S33.!F'G.!N950.!R412.!-;f!?D?!g!E:;.!

Y'&3'&\!N.N.\!,3=!+',95&\!R.<.!:UU?.!S!&'G#'J!56!2&,#2O)'=#,2'=!#3=#&'92!#32'&,92#531!#3!

'9505$#9,0!95))%3#2#'1.!N9505$4!KEf!-UK?!g!--UU.!

Y506\!c.H.\!,3=!H&5=#'\!N.<.!VVV!-DDK.!!TI'!95,=,72,2#53!56!7,&'32,0!,3=!56617&#3$!

9I,&,92'&1.!NG50%2#53!;:f!:DD!g!?UK.!

Y50#31@,\!c.\!H#223'&\!`.\!N*'&2\!<.\!R7,,@\!+.!:UU>.!TI'!95'8#12'39'!56!I4*&#=!,3=!

7,&'32,0!<,7I3#,f!2I'!&50'!56!7,&,1#2'1.!+&59.!F54.!R59.!H!:Q?f!-DQQ!g!-DK?.!

Y55=1\!+.c.\!C�00'&\!F.\!,3=!R''I,%1'3\!L.!:UUD.!V32'&$'35)#9!'7#12,1#1!9,%1'1!

,1439I&535%1!I,29I!2#)'1!#3!JI#2'6#1I!I4*&#=1\!*%2!5304!JI'3!7,&'32,0!

'95247'1!=#66'&.!c5%&3,0!56!NG50%2#53,&4!H#505$4!::f!:?U;!g!:?-D.!

q='3*'&$\!F./.\!H&5J3\!c.R.\!,3=!R2'7I'31\!<.Y.!:UUQ.!"5&,$#3$f!,3!5G'&G#'J.!V3f!

"5&,$#3$!H'I,G#5&!,3=!N9505$4.!R2'7I'31\!<.Y.\!H&5J3\!c.R.\!,3=!q='3*'&$\!F./.\!

'=1.!X3#G'&1#24!56!/I#9,$5!+&'11\!/I#9,$5.!>UK!77.!

&
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!

"AA;371Q&:&

!@CD;&":0:&)6;<<191;34&2@D8;=&<65&4?;&9@4;R6519@D&$@G;&A5;719465&;=41F@4;7&13&-$L=&<14&46&

A5;=;39;_@C=;39;&65&C16F@==&13719@465&7@4@0&!?;&134;59;A4&1=&4?;&<15=4&56Sd&64?;5&56S=&5;<;5&46&

D@G;=&W!@CD;&:0:X0&%@9?&96D8F3&5;<D;94=&@&=;A@5@4;&F67;D&6<&4?;&4EA;&13719@4;7&46&A5;7194&4?;&A5;E&

9@4;R651;=&=3@1D*W+X\&4@7A6D;&=?51FA*W!X\&A;@&9D@F&WZX\&10)2&'"*W#X\&9?15636F17&A8A@;&W)X\&@37&

<1=?&W(X0&&

 Presence / Absence Biomass indicator  

 SD TD PD BD CD FD SG TG PG BG CG FG 

Int. -0.103 -2.554 -1.622 -3.861 -0.062 -1.412 -0.279 3.226 -1.148 0.725 -2.340 -0.337 

1 -1.976 21.120 1.399 -16.705 -2.018 -18.154 -3.119 -5.813 -3.245 - -3.802 - 

2 0.968 4.303 2.152 -16.705 -18.504 -18.154 0.423 -9.372 -0.711 - - - 

3 -0.890 0.698 4.050 0.999 0.445 -18.154 -0.677 -8.662 -0.334 -2.465 -0.775 - 

4 0.663 -16.012 -15.944 -16.705 -18.504 1.972 -1.411 - - - - 1.043 

6 -2.409 1.455 3.356 1.348 1.448 -18.154 -1.535 -7.587 -0.030 -2.108 0.234 - 

7 -17.463 21.120 1.009 2.219 0.558 -18.154 - -6.365 -1.922 -3.516 -0.393 - 

8 -17.463 1.401 2.566 -16.705 1.448 -1.030 - -5.940 -0.259 - -0.694 -0.525 

9 -3.922 3.495 -0.191 -16.705 -0.257 0.948 -2.700 -6.346 -4.124 - -1.388 0.072 

10 -0.260 1.034 3.142 -16.705 -18.504 -0.757 -1.046 -11.918 1.042 - - 0.096 

11 -2.325 2.057 2.757 -16.705 2.172 0.124 -0.827 -4.649 1.295 - 0.928 -0.783 

13 -3.264 3.401 2.469 1.222 -18.504 -18.154 -2.848 -5.771 -0.599 -5.783 - - 

14 -1.318 3.653 0.200 0.305 -2.771 2.368 -0.734 -10.095 -2.617 -8.493 0.474 -0.313 

15 17.669 -16.012 -15.944 -16.705 -18.504 -18.154 -0.093 - - - - - 

17 -0.590 2.378 1.231 -16.705 1.281 -0.728 0.149 -3.457 0.665 - 0.490 -0.325 

19 0.796 3.401 0.610 -16.705 -0.206 -18.154 0.149 -4.415 -3.204 - -0.346 - 

20 -1.437 2.258 2.101 -16.705 -0.960 -1.360 -1.436 -5.208 -0.286 - -0.040 -0.374 

21 -3.032 1.219 19.188 1.463 -18.504 -18.154 -3.753 -8.883 0.600 -7.608 - - 

22 -17.463 1.088 0.684 -16.705 -0.876 1.792 - -7.464 -0.054 - 0.564 -0.449 

23 -1.113 21.120 1.216 0.334 0.350 -18.154 -0.964 -6.255 -0.182 -4.468 -0.820 - 

24 -2.571 0.905 4.296 -16.705 -18.504 -0.821 -1.149 -10.266 2.310 - - 0.534 

28 -0.025 1.796 0.436 -16.705 1.646 -1.273 0.433 -6.895 -2.501 - 0.275 1.259 

29 0.663 1.330 1.622 1.558 0.430 -18.154 0.176 -8.034 -0.500 -3.238 -0.736 - 

30 -0.064 -16.012 0.735 2.251 -0.105 -18.154 -0.764 - -3.326 -1.114 -0.723 - 

31 2.766 -16.012 1.448 -16.705 -1.219 -0.939 0.835 - -0.748 - -0.354 2.426 

32 2.706 -0.778 -0.211 -16.705 -1.771 -1.920 0.328 -6.314 0.416 - -1.153 0.044 

33 2.406 -16.012 0.789 -16.705 -1.919 -0.310 0.307 - -1.214 - -1.338 -0.207 

34 -1.283 1.542 -15.944 -16.705 0.755 -18.154 -1.143 -11.078 - - 0.112 - 

35 -0.276 0.285 -15.944 -16.705 0.187 0.474 -1.087 -8.558 - - 0.672 1.759 

36 0.663 0.573 1.561 -16.705 0.123 -0.890 0.931 -5.016 -0.664 - 1.122 3.277 
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37 0.181 3.892 3.041 -16.705 -2.842 -2.918 -0.436 -0.849 1.054 - -1.459 -0.998 

39 -2.248 1.586 4.171 3.716 -0.260 -18.154 -1.106 5.420 0.822 -3.404 -0.610 - 

41 0.375 1.820 -1.962 -16.705 -0.672 -0.043 0.044 -4.518 -3.279 - 0.262 0.097 

42 0.796 2.249 0.929 -16.705 0.001 -2.053 0.882 -4.581 -0.034 - -0.446 -1.172 

43 -0.022 1.281 1.873 1.592 -1.404 0.474 -1.209 -6.038 0.897 -1.297 0.418 -0.466 

44 -2.224 21.120 0.929 2.849 -18.504 -18.154 -3.855 -0.625 -2.495 -4.066 - - 

46 1.019 0.762 -0.170 -16.705 -1.730 -18.154 0.150 -10.942 -1.440 - -4.149 - 

47 -2.700 2.497 3.670 1.057 1.123 -18.154 0.575 -6.044 0.054 -2.307 0.596 - 

48 -0.539 0.394 1.829 -16.705 -2.098 0.770 -0.820 -5.289 1.485 - -2.535 0.691 

49 1.672 -16.012 -0.981 0.529 -1.507 -18.154 0.669 - -3.915 -2.638 -0.593 - 

50 0.347 0.708 -0.101 -16.705 0.688 -1.632 -0.163 -6.391 -1.966 - 1.374 0.567 

51 -0.359 2.554 1.622 1.246 -0.306 0.054 0.289 -6.132 0.264 -1.628 0.393 0.642 

52 -2.094 21.120 2.027 1.664 -18.504 -18.154 -3.681 -2.320 -2.620 -8.522 - - 

53 0.103 0.819 2.241 -16.705 -18.504 -0.785 0.323 -6.014 0.381 - - -0.077 

54 -3.155 3.604 1.997 3.935 -18.504 -0.337 -4.680 -4.563 1.682 -4.004 - -1.356 

57 -1.631 2.148 19.188 0.916 -1.673 -18.154 0.269 -2.793 0.983 -6.478 -0.994 - 

58 -1.283 2.364 -1.503 3.882 0.601 0.590 0.151 -5.750 -3.736 -0.627 1.093 0.548 

59 0.914 1.974 2.976 3.168 0.532 -2.225 0.055 -10.845 -0.102 -1.016 0.088 -0.689 

60 -1.843 2.353 1.421 0.916 3.725 -2.251 -0.005 -3.963 -1.315 -1.717 1.741 -1.172 

61 -2.462 0.762 3.742 -16.705 -0.373 -18.154 -1.466 -8.559 0.378 - 0.162 - 

62 0.742 0.783 4.899 -16.705 -1.570 -18.154 0.519 -3.967 0.641 - -2.478 - 

64 -1.091 2.979 2.246 1.270 -0.666 -2.325 -0.667 -4.827 1.457 -5.422 -0.119 -0.419 

65 -0.431 1.273 0.795 3.686 -0.472 -18.154 0.096 11.242 0.493 -0.986 -1.531 - 

67 -17.463 1.573 2.181 2.357 2.364 -18.154 - -4.179 -0.689 -3.484 0.631 - 
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!@CD;&":0K0&+4@37@57&;5565=&<65&96;<<191;34&2@D8;=&W!@CD;&":0:X&6<&4?;&9@4;R6519@D&$@G;&A5;719465&

;=41F@4;7&13&-$L=&<14&46&A5;=;39;_@C=;39;&65&C16F@==&13719@465&7@4@0&!?;&134;59;A4&1=&4?;&<15=4&

56Sd&64?;5&56S=&5;<;5&46&D@G;=&W!@CD;&:0:X0&%@9?&96D8F3&5;<D;94=&@&=;A@5@4;&F67;D&6<&4?;&4EA;&

13719@4;7&46&A5;7194&4?;&A5;E&9@4;R651;=&=3@1D*W+X\&4@7A6D;&=?51FA*W!X\&A;@&9D@F&WZX\&10)2&'"*W#X\&

9?15636F17&A8A@;&W)X\&@37&<1=?&W(X0&

 Presence/Absence Biomass indicator 

 SD TD PD BD CD FD SG TG PG BG CG FG 

Int. 0.203 0.392 0.274 0.715 0.203 0.256 0.166 0.590 0.395 1.024 0.216 0.196 

1 0.568 1087.107 0.433 2955.062 0.568 1792.336 0.587 0.645 0.558 - 0.771 - 

2 0.468 0.669 0.483 3412.211 1255.282 2069.611 0.307 0.674 0.550 - - - 

3 0.422 0.621 0.662 1.019 0.392 1767.949 0.393 0.914 0.479 1.448 0.382 - 

4 0.488 1390.631 843.461 3780.128 1390.631 0.512 0.344 - - - - 0.300 

6 0.634 0.536 0.521 0.933 0.444 1700.359 0.671 0.769 0.479 1.322 0.339 - 

7 650.392 1072.315 0.440 0.842 0.395 1767.949 - 0.643 0.590 1.182 0.377 - 

8 791.236 0.611 0.523 3546.074 0.540 0.780 - 0.868 0.543 - 0.395 0.634 

9 1.029 0.491 0.469 2348.445 0.337 0.373 1.138 0.638 0.684 - 0.371 0.267 

10 0.384 0.573 0.499 2839.131 1044.458 0.587 0.327 0.834 0.484 - - 0.469 

11 0.636 0.519 0.471 2914.855 0.567 0.474 0.671 0.722 0.495 - 0.336 0.359 

13 1.037 0.559 0.483 1.023 1190.865 1963.405 1.138 0.681 0.524 1.448 - - 

14 0.468 0.550 0.502 1.241 0.755 0.452 0.457 0.662 0.716 1.773 1.069 0.257 

15 2797.442 4612.202 2797.442 12537.265 4612.202 7604.236 0.813 - - - - - 

17 0.347 0.474 0.384 2348.445 0.375 0.502 0.307 0.664 0.514 - 0.311 0.399 

19 0.341 0.483 0.400 2288.981 0.330 1388.337 0.243 0.637 0.558 - 0.362 - 

20 0.378 0.463 0.370 2150.123 0.342 0.575 0.365 0.657 0.464 - 0.410 0.469 

21 1.042 0.638 807.552 1.028 1331.428 2195.154 1.138 0.914 0.510 1.448 - - 

22 699.361 0.599 0.479 3134.316 0.443 0.442 - 0.868 0.658 - 0.539 0.277 

23 0.451 1102.527 0.440 1.241 0.397 1817.760 0.431 0.646 0.578 1.773 0.395 - 

24 0.759 0.626 0.781 3184.469 1171.500 0.659 0.813 0.914 0.492 - - 0.530 

28 0.356 0.502 0.440 2586.240 0.438 0.649 0.292 0.714 0.619 - 0.321 0.530 

29 0.374 0.532 0.407 0.886 0.368 1621.228 0.270 0.769 0.519 1.254 0.362 - 

30 0.457 1331.428 0.526 0.900 0.457 2195.154 0.378 - 0.716 1.254 0.496 - 

31 0.631 961.711 0.403 2614.201 0.411 0.582 0.239 - 0.524 - 0.516 0.469 

32 0.761 1.091 0.604 3292.447 0.576 1.049 0.273 1.668 0.883 - 0.771 0.875 

33 0.639 1135.446 0.467 3086.461 0.571 0.549 0.264 - 0.637 - 0.771 0.428 

34 0.677 0.703 1021.481 4577.962 0.584 2776.674 0.671 0.978 - - 0.516 - 

35 0.413 0.722 699.361 3134.316 0.408 0.469 0.354 1.077 - - 0.419 0.345 

36 0.415 0.662 0.443 3086.461 0.403 0.657 0.297 0.978 0.558 - 0.419 0.530 

37 0.306 0.483 0.397 2020.563 0.552 1.039 0.243 0.623 0.443 - 0.771 0.875 

39 0.473 0.476 0.539 0.754 0.317 1294.631 0.489 0.690 0.442 1.055 0.350 - 

41 0.389 0.527 1.050 2914.855 0.406 0.492 0.297 0.742 1.628 - 0.479 0.377 
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42 0.422 0.527 0.460 3086.461 0.403 1.047 0.292 0.722 0.619 - 0.429 0.875 

43 0.408 0.580 0.449 0.937 0.496 0.469 0.335 0.834 0.543 1.322 0.642 0.345 

44 0.562 972.338 0.418 0.790 972.338 1603.114 0.587 0.634 0.568 1.106 - - 

46 0.861 1.149 1.114 6701.450 1.099 4064.635 0.530 1.668 1.628 - 1.496 - 

47 0.554 0.460 0.465 0.881 0.341 1285.350 0.587 0.648 0.443 1.254 0.298 - 

48 0.440 0.725 0.463 3292.447 0.643 0.467 0.393 1.077 0.558 - 0.882 0.333 

49 0.532 1211.224 0.782 1.243 0.532 1996.970 0.283 - 1.185 1.773 0.696 - 

50 0.321 0.532 0.439 2182.458 0.329 0.644 0.249 0.786 0.637 - 0.312 0.530 

51 0.370 0.495 0.407 0.932 0.368 0.453 0.320 0.677 0.519 1.322 0.410 0.345 

52 1.074 2062.639 0.701 1.273 2062.639 3400.718 1.138 0.769 0.756 1.773 - - 

53 0.491 0.739 0.543 3964.631 1458.506 0.788 0.393 1.077 0.590 - - 0.634 

54 1.039 0.589 0.478 0.812 1255.282 0.599 1.138 0.685 0.558 1.094 - 0.469 

57 0.658 0.602 884.629 1.250 0.658 2404.670 0.671 0.808 0.530 1.773 0.882 - 

58 0.327 0.443 0.580 0.743 0.294 0.339 0.307 0.636 0.883 1.045 0.288 0.252 

59 0.402 0.515 0.482 0.791 0.387 1.045 0.273 0.722 0.486 1.100 0.371 0.875 

60 0.520 0.505 0.419 1.018 1.033 1.045 0.530 0.695 0.543 1.448 0.321 0.875 

61 0.761 0.668 0.669 3350.725 0.437 2032.317 0.813 0.978 0.506 - 0.496 - 

62 0.349 0.548 0.771 2390.763 0.417 1450.071 0.251 0.808 0.451 - 0.539 - 

64 0.414 0.501 0.421 0.932 0.384 1.044 0.393 0.664 0.495 1.322 0.451 0.875 

65 0.367 0.531 0.421 0.773 0.367 1585.593 0.320 0.769 0.578 1.071 0.419 - 

67 1192.833 0.782 0.684 1.059 1.068 3242.457 - 1.077 0.716 1.448 0.516 - 

!
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"AA;371Q&K&

!@CD;&"K0:0&%=41F@4;7&96;<<191;34&2@D8;=&@37&=4@37@57&;5565=&<65&4;5F=&13&D6R1=419&@37&D6R&-$L=&46&

A5;7194&=3@1D&963=8FA4163&S14?&:X&63DE&@&D@G;&9@4;R6519@D&<@9465&139D87;7&W$&63DEX\&KX&@3&

6A41F1V@4163&S14?&F65A?6D6RE&@DD6S;7&46&2@5E&@F63R&F67;D=&W6A41F8FX\&@37&MX&@3&

6A41F1V@4163&S14?&F65A?6D6RE&963=45@13;7&46&C;&4?;&=@F;&@F63R&@DD&F67;D=&<65&@DD&5;=6859;=&

W=1F8D40&6A41F8FX0&!?;=;&5;=8D4=&9655;=A637&S14?&F67;D&96FA@51=63&5;=8D4=&13&!@CD;&K0:\&@37&

F65A?6D6R1;=&8=;7&13&4?;&F67;D=&@5;&7;<13;7&CE&4?;&96;<<191;34=&<65&.&5;A654;7&13&4?@4&4@CD;0&"3E&

96;<<191;34&S14?&36&2@D8;&13719@4;=&4?@4&14&S@=&83@2@1D@CD;&W<65&4?;&D@G;&9@4;R6519@D&<@9465X&65&

5;F62;7&78513R&F67;D&5;7894163&W<65&R&2@D8;=X0&)6;<<191;34&D@C;D=&5;<;5&46&@&F67;D[&

?&j&RS&n&B*T&RHS)*n&RKS)K&n&RIS)M&n&RUS)U&n&RSH2&n&RSK2K&n&RSI2I&n&RSU2U&n&RHH)2&T*RHK)2K*T*RHI)2I*T&

RKH)K2&n*RIH)M2&T*RKK)K2K&

 Logistic Log 

 L only optimum simult. optimum L only optimum simult. optimum 

 Est. SE Est. SE Est. SE Est. SE Est. SE Est. SE 

ß0 -0.12 0.20 -1.17 1.63 1.38 1.50 -0.28 0.17 3.36 1.44 2.66 1.43 

L1 -1.87 0.65 -1.41 0.67 -2.29 0.67 -3.27 0.69 -3.16 0.65 -3.57 0.68 

L2 1.57 0.59 1.82 0.62 0.85 0.63 0.52 0.33 0.52 0.32 0.21 0.36 

L3 -0.88 0.49 -0.07 0.52 -1.12 0.56 -0.84 0.47 -0.75 0.45 -1.01 0.50 

L4 0.71 0.59 0.98 0.63 0.55 0.63 -1.58 0.42 -1.24 0.41 -1.64 0.44 

L6 -2.65 0.76 -1.96 0.78 -2.61 0.78 -1.25 0.83 -0.80 0.77 -1.16 0.82 

L7 -17.4 1142 -16.8 1123 -17.5 1127 - - - - - - 

L8 -17.4 1057 -17.3 1022 -17.5 1042 - - - - - - 

L9 -17.4 960 -16.8 941 -17.8 938 - - - - - - 

L10 0.12 1.43 0.90 1.48 -0.37 1.47 -2.05 1.16 -1.75 1.08 -2.41 1.15 

L11 -2.28 1.06 -2.24 1.13 -2.93 1.09 0.01 1.16 0.21 1.08 -0.03 1.15 

L13 -3.01 1.04 -2.42 1.05 -3.12 1.06 -2.85 1.16 -2.55 1.08 -2.92 1.14 

L14 -0.76 0.49 -0.24 0.53 -1.04 0.52 -0.73 0.47 -0.53 0.44 -0.77 0.47 

L17 -1.67 0.79 -1.09 0.81 -1.65 0.80 0.22 0.83 0.67 0.77 0.35 0.82 

L19 -0.01 0.42 0.75 0.45 -0.15 0.45 -0.74 0.35 -0.49 0.34 -0.84 0.37 

L20 -1.06 0.45 -0.39 0.48 -1.35 0.51 -1.56 0.44 -1.31 0.42 -1.72 0.46 

L21 -2.71 1.05 -2.42 1.07 -3.14 1.07 -3.76 1.16 -3.52 1.08 -3.95 1.14 

L22 -17.4 1142 -17.2 1133 -18.0 1116 - - - - - - 

L23 -0.86 0.71 -0.56 0.73 -1.62 0.75 -0.46 0.69 -0.44 0.64 -0.82 0.69 

L24 -17.4 1319 -16.7 1308 -16.9 1316 - - - - - - 

L28 0.03 0.36 0.87 0.40 0.29 0.38 0.47 0.30 0.84 0.29 0.62 0.31 

L29 0.97 0.45 1.28 0.48 1.18 0.47 0.18 0.30 0.28 0.30 0.13 0.32 

L30 0.22 0.48 1.13 0.52 0.29 0.51 -0.76 0.39 -0.41 0.37 -0.77 0.40 

L31 3.52 1.04 4.17 1.05 3.79 1.04 0.85 0.27 1.03 0.27 0.89 0.28 

L32 2.32 0.77 3.02 0.81 2.58 0.79 0.23 0.32 0.56 0.32 0.24 0.33 

L33 1.51 0.82 1.88 0.83 1.55 0.84 0.49 0.44 0.39 0.42 0.37 0.44 

L34 -1.18 0.68 -0.88 0.70 -1.54 0.71 -1.14 0.69 -1.00 0.64 -1.37 0.69 
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L35 0.12 0.57 0.60 0.60 0.02 0.59 -1.46 0.47 -1.28 0.44 -1.56 0.47 

L36 1.00 0.57 1.97 0.61 1.23 0.59 0.64 0.37 0.93 0.35 0.72 0.38 

L37 0.33 0.33 1.49 0.41 0.93 0.44 -0.45 0.26 -0.26 0.27 -0.58 0.29 

L39 -0.57 0.58 -0.28 0.61 -0.53 0.60 -1.08 0.54 -0.82 0.51 -1.24 0.54 

L42 0.62 0.43 1.22 0.46 0.43 0.47 0.93 0.32 0.82 0.32 0.72 0.34 

L43 0.05 0.44 0.45 0.46 -0.28 0.46 -1.25 0.36 -1.15 0.35 -1.35 0.37 

L44 -1.18 0.68 -0.70 0.70 -1.93 0.73 -3.68 0.69 -3.30 0.64 -3.75 0.69 

L47 -2.47 0.63 -1.84 0.65 -2.29 0.65 -0.19 0.69 -0.02 0.63 -0.39 0.68 

L48 -0.79 0.52 -0.70 0.59 -1.15 0.56 -1.04 0.50 -0.95 0.50 -1.13 0.52 

L49 1.83 0.58 2.34 0.61 1.29 0.61 0.63 0.30 0.72 0.29 0.40 0.33 

L50 0.50 0.33 1.34 0.38 0.49 0.36 -0.17 0.26 -0.01 0.25 -0.30 0.28 

L51 -0.09 0.38 0.74 0.44 -0.05 0.41 0.29 0.33 0.36 0.32 0.35 0.34 

L53 -17.4 2797 -16.6 2784 -17.1 2797 - - - - - - 

L54 -1.82 1.09 -1.72 1.19 -2.01 1.12 -4.69 1.16 -3.59 1.17 -4.18 1.25 

L57 -2.52 1.05 -2.62 1.09 -3.09 1.08 -2.14 1.16 -3.12 1.13 -2.11 1.14 

L58 -1.18 0.38 -0.41 0.42 -1.20 0.40 0.19 0.37 0.12 0.35 0.01 0.38 

L59 1.22 0.48 2.02 0.53 1.17 0.51 0.14 0.30 0.27 0.30 0.01 0.32 

L60 -2.15 0.64 -1.67 0.74 -2.03 0.65 -1.81 0.69 -1.61 0.66 -1.78 0.69 

L61 -2.44 0.76 -1.82 0.90 -2.23 0.77 -1.47 0.83 -1.28 0.77 -1.56 0.82 

L62 0.36 0.45 1.13 0.48 0.70 0.48 0.01 0.35 0.23 0.33 0.18 0.35 

L64 -1.21 0.54 -0.55 0.57 -1.18 0.56 -0.44 0.54 -0.10 0.50 -0.38 0.53 

L65 0.06 0.41 0.64 0.44 0.60 0.43 0.05 0.34 0.23 0.33 0.02 0.34 

L67 -17.4 1399 -16.5 1385 -17.1 1397 - - - - - - 

ß10 - - -0.17 0.21 -0.30 0.19 - - -0.55 0.19 -0.42 0.19 

ß20 - - 0.01 0.01 0.02 0.01 - - 0.02 0.01 0.02 0.01 

ß30 - - 0.00 0.00 0.00 0.00 - - 0.00 0.00 0.00 0.00 

ß40 - - - - - - - - - - - - 

ß01 - - -1.00 0.36 -2.42 0.61 - - -0.54 0.24 0.13 0.07 

ß02 - - 2.86 0.58 - - - - 0.20 0.05 - - 

ß03 - - 0.30 0.09 - - - - -0.06 0.03 - - 

ß11 - - 0.03 0.01 0.21 0.05 - - 0.03 0.01 - - 

ß12 - - -0.23 0.05 - - - - - - - - 

ß13 - - -0.01 0.00 - - - - - - - - 

ß21 - - - - 0.00 0.00 - - - - - - 

ß31 - - - - - - - - - - - - 

ß22 - - 0.00 0.00 - - - - - - - - 
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A5;7194&4@7A6D;&=?51FA&963=8FA4163&S14?&:X&63DE&@&D@G;&9@4;R6519@D&<@9465&139D87;7&W$&63DEX\&KX&

@3&6A41F1V@4163&S14?&F65A?6D6RE&@DD6S;7&46&2@5E&@F63R&F67;D=&W6A41F8FX\&@37&MX&@3&

6A41F1V@4163&S14?&F65A?6D6RE&963=45@13;7&46&C;&4?;&=@F;&@F63R&@DD&F67;D=&<65&@DD&5;=6859;=&

W=1F8D40&6A41F8FX0&!?;=;&5;=8D4=&9655;=A637&S14?&F67;D&96FA@51=63&5;=8D4=&13&!@CD;&K0:\&@37&

F65A?6D6R1;=&8=;7&13&4?;&F67;D=&@5;&7;<13;7&CE&4?;&96;<<191;34=&<65&.&5;A654;7&13&4?@4&4@CD;0&"3E&

96;<<191;34&S14?&36&2@D8;&13719@4;=&4?@4&14&S@=&83@2@1D@CD;&W<65&4?;&D@G;&9@4;R6519@D&<@9465X&65&

5;F62;7&78513R&F67;D&5;7894163&W<65&R&2@D8;=X0&)6;<<191;34&D@C;D=&5;<;5&46&@&F67;D[&

?&j&RS&n&B*T&RHS)*n&RKS)K&n&RIS)M&n&RUS)U&n&RSH2&n&RSK2K&n&RSI2I&n&RSU2U&n&RHH)2&T*RHK)2K*T*RHI)2I*T&

RKH)K2&n*RIH)M2&T*RKK)K2K&

 Logistic Log 

 L only optimum simult. optimum L only optimum simult. optimum 

 Est. SE Est. SE Est. SE Est. SE Est. SE Est. SE 

ß0 -2.56 0.39 -1.98 0.53 -2.05 0.50 0.81 0.59 1.54 1.06 1.57 0.63 

L1 21.13 1305 21.32 1225 21.93 1293 -3.49 0.67 -3.34 0.69 -3.23 0.66 

L2 4.82 0.84 5.97 0.93 6.35 0.92 -6.89 0.69 -6.23 0.71 -6.11 0.69 

L3 0.08 0.83 0.17 0.85 0.80 0.88 -7.33 1.26 -7.31 1.18 -7.19 1.18 

L4 -16.00 1743 -14.99 1699 -15.16 1683 - - - - - - 

L6 1.69 0.54 1.87 0.57 2.14 0.58 -5.17 0.77 -5.28 0.77 -5.21 0.76 

L7 21.13 1883 21.14 1848 21.57 1866 -4.97 0.75 -4.64 0.74 -4.47 0.72 

L8 0.77 0.86 0.90 0.88 1.27 0.88 -2.83 1.26 -3.26 1.17 -3.18 1.17 

L9 3.17 0.64 3.88 0.69 4.10 0.69 -4.37 0.76 -3.97 0.75 -3.85 0.73 

L10 2.56 1.47 3.21 2.45 3.78 1.58 -11.22 1.68 -11.34 1.53 -11.24 1.53 

L11 1.47 0.77 1.68 0.80 2.41 0.81 -4.74 1.08 -4.60 1.02 -4.52 1.01 

L13 3.45 0.60 3.82 0.62 3.93 0.61 -3.31 0.70 -3.01 0.71 -2.88 0.69 

L14 3.66 0.61 4.42 0.67 4.61 0.66 -7.55 0.70 -6.77 0.70 -6.66 0.69 

L17 2.28 0.67 2.37 0.72 2.66 0.69 -2.38 0.87 -2.01 0.82 -1.99 0.82 

L19 4.76 0.72 4.68 0.74 5.32 0.75 -1.63 0.67 -1.58 0.68 -1.48 0.66 

L20 1.96 0.53 2.07 0.56 2.77 0.59 -2.53 0.75 -2.73 0.74 -2.68 0.73 

L21 1.31 0.69 1.92 0.74 2.03 0.72 -6.27 0.98 -4.64 0.95 -4.53 0.95 

L22 1.47 0.77 1.82 0.82 2.32 0.81 -5.54 1.08 -5.45 1.02 -5.35 1.01 

L23 21.13 1967 21.85 1953 22.56 1913 -4.02 0.76 -3.20 0.76 -3.09 0.74 

L24 0.49 1.13 0.88 1.15 0.40 1.13 -10.74 1.68 -10.26 1.52 -10.13 1.51 

L28 1.70 0.51 2.12 0.55 1.76 0.52 -4.40 0.74 -3.69 0.71 -3.80 0.71 

L29 1.38 0.58 1.95 0.62 1.62 0.60 -5.80 0.84 -4.84 0.84 -4.72 0.83 

L30 -16.00 1423 -15.67 1415 -15.72 1404 - - - - - - 

L31 -16.00 1172 -15.46 1166 -15.87 1164 - - - - - - 

L32 -0.38 1.10 0.31 1.12 -0.12 1.11 -3.90 1.68 -3.48 1.54 -3.29 1.54 

L33 -16.00 2063 -15.38 2056 -15.59 2004 - - - - - - 

L34 1.27 0.76 1.90 0.79 1.89 0.78 -8.96 1.08 -8.19 1.03 -8.06 1.01 

L35 0.00 1.11 0.43 1.13 0.44 1.12 -6.60 1.68 -5.89 1.53 -5.74 1.52 

L36 1.02 0.75 1.32 0.77 1.23 0.76 -2.32 1.08 -2.23 1.01 -2.38 1.01 

&
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L37 3.81 0.50 4.07 0.57 4.05 0.57 1.47 0.64 1.31 0.67 1.29 0.67 

L39 1.55 0.70 1.26 0.74 1.88 0.72 -2.11 0.98 -1.83 0.93 -1.74 0.92 

L42 2.22 0.54 2.65 0.58 2.80 0.57 -2.20 0.75 -1.82 0.73 -1.72 0.72 

L43 1.31 0.61 1.76 0.64 2.00 0.63 -3.47 0.87 -3.24 0.85 -3.15 0.83 

L44 21.13 1743 21.54 1639 22.38 1682 1.73 0.73 2.12 0.74 2.31 0.72 

L47 2.52 0.50 2.81 0.53 2.81 0.53 -3.64 0.68 -3.89 0.68 -3.85 0.68 

L48 0.31 0.84 1.43 0.89 1.22 0.87 -2.77 1.26 -2.48 1.16 -2.40 1.15 

L49 -16.00 1279 -15.48 1270 -15.08 1253 - - - - - - 

L50 0.85 0.53 1.31 0.57 1.24 0.55 -3.97 0.79 -3.77 0.76 -3.72 0.75 

L51 2.35 0.51 2.83 0.55 2.93 0.53 -3.52 0.70 -3.56 0.70 -3.47 0.68 

L53 -16.00 4612 -15.64 4608 -15.89 4612 - - - - - - 

L54 3.66 0.91 4.53 0.96 5.28 1.08 -2.51 0.87 -1.78 0.85 -1.76 0.84 

L57 2.70 0.65 4.14 0.99 3.70 0.71 -0.37 0.81 0.88 0.80 1.01 0.79 

L58 2.85 0.48 3.29 0.51 3.15 0.49 -3.18 0.65 -2.50 0.62 -2.40 0.61 

L59 2.28 0.55 2.93 0.59 2.95 0.58 -8.61 0.75 -7.73 0.73 -7.59 0.71 

L60 2.44 0.53 2.46 0.62 2.68 0.54 -1.66 0.72 -1.28 0.75 -1.07 0.73 

L61 0.77 0.67 0.97 0.73 0.84 0.68 -6.16 0.98 -5.22 0.91 -5.47 0.91 

L62 0.57 0.73 0.86 0.75 0.62 0.74 -1.44 1.08 -1.60 1.00 -1.57 1.00 

L64 2.90 0.57 3.37 0.61 3.18 0.59 -2.92 0.73 -2.14 0.70 -2.04 0.69 

L65 0.66 0.66 0.92 0.69 0.46 0.67 -0.94 0.98 -1.27 0.97 -1.17 0.96 

L67 1.47 0.91 1.58 0.92 1.47 0.91 -3.69 1.26 -2.83 1.14 -2.65 1.13 

ß10 - - -0.04 0.02 -0.04 0.01 - - 0.00 0.07 - - 

ß20 - - - - - - - - 0.00 0.00 0.00 0.00 

ß30 - - - - - - - - - - - - 

ß40 - - - - - - - - - - - - 

ß01 - - -2.01 0.39 0.21 0.27 - - 1.30 0.30 1.35 0.30 

ß02 - - 0.75 0.22 - - - - -1.07 0.18 -0.62 0.10 

ß03 - - - - - - - - - - - - 

ß11 - - 0.07 0.01 -0.03 0.01 - - -0.05 0.01 -0.05 0.01 

ß12 - - -0.02 0.01 - - - - 0.04 0.01 - - 

ß13 - - - - - - - - - - - - 

ß21 - - - - - - - - - - - - 

ß31 - - - - - - - - - - - - 

ß22 - - - - - - - - - - 0.00 0.00 
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A5;7194&A;@&9D@F&963=8FA4163&S14?&:X&63DE&@&D@G;&9@4;R6519@D&<@9465&139D87;7&W$&63DEX\&KX&@3&

6A41F1V@4163&S14?&F65A?6D6RE&@DD6S;7&46&2@5E&@F63R&F67;D=&W6A41F8FX\&@37&MX&@3&

6A41F1V@4163&S14?&F65A?6D6RE&963=45@13;7&46&C;&4?;&=@F;&@F63R&@DD&F67;D=&<65&@DD&5;=6859;=&

W=1F8D40&6A41F8FX0&!?;=;&5;=8D4=&9655;=A637&S14?&F67;D&96FA@51=63&5;=8D4=&13&!@CD;&K0:\&@37&

F65A?6D6R1;=&8=;7&13&4?;&F67;D=&@5;&7;<13;7&CE&4?;&96;<<191;34=&<65&.&5;A654;7&13&4?@4&4@CD;0&"3E&

96;<<191;34&S14?&36&2@D8;&13719@4;=&4?@4&14&S@=&83@2@1D@CD;&W<65&4?;&D@G;&9@4;R6519@D&<@9465X&65&

5;F62;7&78513R&F67;D&5;7894163&W<65&R&2@D8;=X0&)6;<<191;34&D@C;D=&5;<;5&46&@&F67;D[&

?&j&RS&n&B*T&RHS)*n&RKS)K&n&RIS)M&n&RUS)U&n&RSH2&n&RSK2K&n&RSI2I&n&RSU2U&n&RHH)2&T*RHK)2K*T*RHI)2I*T&

RKH)K2&n*RIH)M2&T*RKK)K2K&

 Logistic Log 

 L only optimum simult. optimum L only optimum simult. optimum 

 Est. SE Est. SE Est. SE Est. SE Est. SE Est. SE 

ß0 -1.63 0.27 -1.83 0.33 -1.35 0.28 -1.15 0.37 6.24 2.37 3.60 2.04 

L1 1.23 0.49 1.21 0.51 1.35 0.49 -2.96 0.60 -2.00 0.66 -1.11 0.65 

L2 2.12 0.53 2.83 0.56 2.48 0.54 -0.65 0.56 1.18 0.62 1.43 0.63 

L3 3.67 0.67 3.96 0.69 3.53 0.67 -0.15 0.49 0.82 0.56 1.14 0.60 

L4 -15.93 1057 -15.07 1029 -15.46 1041 - - - - - - 

L6 3.39 0.56 3.66 0.58 3.23 0.56 -0.31 0.47 0.69 0.54 1.03 0.54 

L7 1.30 0.65 1.56 0.66 1.29 0.65 -2.27 0.77 -1.21 0.79 -0.70 0.78 

L8 3.43 0.81 3.83 0.83 3.40 0.81 -0.04 0.57 0.86 0.61 1.35 0.62 

L9 -1.14 1.07 -0.52 1.08 -0.99 1.07 -3.37 1.54 -1.98 1.50 -1.83 1.49 

L10 1.63 1.44 1.68 1.45 1.90 1.47 1.11 1.54 2.29 1.51 2.55 1.49 

L11 3.24 0.82 3.79 0.84 3.33 0.82 1.46 0.60 3.08 0.64 3.02 0.65 

L13 2.52 0.53 2.96 0.55 2.52 0.53 -0.68 0.52 0.70 0.58 0.90 0.58 

L14 -0.31 0.68 0.42 0.70 -0.05 0.68 -4.29 0.94 -1.98 0.95 -1.99 0.95 

L17 1.05 0.62 1.38 0.65 1.08 0.63 0.38 0.77 1.50 0.80 2.22 0.80 

L19 1.09 0.47 1.37 0.49 1.03 0.47 -2.96 0.59 -1.70 0.63 -1.46 0.63 

L20 2.51 0.47 2.97 0.50 2.54 0.47 -0.59 0.48 0.77 0.54 0.90 0.57 

L21 19.20 932 20.15 920 19.65 923 0.75 0.51 2.11 0.58 2.38 0.58 

L22 0.02 0.82 0.52 0.84 0.21 0.83 0.45 1.12 1.98 1.11 2.06 1.11 

L23 1.07 0.68 1.94 0.72 1.44 0.70 -1.94 0.84 -0.07 0.90 0.20 0.87 

L24 3.71 1.10 4.12 1.11 3.68 1.10 2.68 0.65 3.76 0.69 4.29 0.69 

L28 0.41 0.45 0.65 0.47 0.33 0.45 -2.45 0.60 -1.46 0.64 -1.10 0.63 

L29 1.50 0.46 1.92 0.49 1.75 0.47 -0.45 0.55 1.03 0.60 1.22 0.61 

L30 0.47 0.58 0.82 0.60 0.39 0.58 -3.79 0.77 -2.62 0.79 -2.27 0.79 

L31 1.70 0.45 2.16 0.48 1.76 0.45 -0.55 0.53 0.54 0.58 1.10 0.59 

L32 -0.10 0.68 0.50 0.71 0.13 0.69 0.70 0.94 1.76 0.94 2.46 0.93 

L33 2.48 0.74 3.19 0.77 2.71 0.75 -1.07 0.68 0.36 0.71 0.73 0.71 

L34 -15.93 1057 -15.33 1053 -15.73 1055 - - - - - - 

L35 -15.93 1057 -15.42 1054 -15.83 1055 - - - - - - 

L36 1.75 0.56 2.00 0.58 1.58 0.56 -2.39 0.62 -1.74 0.66 -1.30 0.63 

L37 2.88 0.42 3.17 0.49 2.68 0.42 1.09 0.44 2.04 0.53 2.42 0.53 

&
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L39 3.51 0.81 3.68 0.82 3.47 0.81 1.03 0.56 2.24 0.59 2.55 0.59 

L42 0.84 0.49 1.29 0.51 0.86 0.49 -0.33 0.62 1.43 0.67 1.35 0.67 

L43 1.71 0.47 2.31 0.51 1.86 0.48 0.94 0.55 2.41 0.60 2.71 0.60 

L44 1.63 0.60 1.83 0.61 1.75 0.61 -3.18 0.68 -1.99 0.71 -1.54 0.72 

L47 3.91 0.59 4.26 0.61 3.82 0.59 0.13 0.44 1.13 0.50 1.53 0.51 

L48 1.54 0.52 2.36 0.57 2.04 0.54 1.68 0.60 3.27 0.65 3.75 0.65 

L49 -0.85 0.79 -0.30 0.80 -0.70 0.79 -3.93 1.12 -2.47 1.11 -2.41 1.11 

L50 0.04 0.44 0.41 0.47 0.01 0.44 -1.97 0.60 -0.74 0.64 -0.62 0.64 

L51 1.95 0.43 2.65 0.47 2.18 0.44 0.26 0.49 1.67 0.54 1.95 0.55 

L53 19.20 2797 19.57 2796 19.08 2797 0.23 1.12 1.29 1.11 1.60 1.10 

L54 1.12 0.78 2.11 0.83 1.60 0.81 -0.35 0.94 0.53 0.95 1.30 0.95 

L57 19.20 1021 19.25 956 19.60 1016 0.77 0.54 2.19 0.64 2.68 0.59 

L58 -1.66 0.77 -1.31 0.79 -1.73 0.77 -4.61 1.12 -2.68 1.12 -2.73 1.11 

L59 3.16 0.56 3.92 0.62 3.41 0.58 -0.06 0.49 1.23 0.54 1.59 0.54 

L60 1.63 0.45 2.26 0.49 1.80 0.46 -2.22 0.53 -0.98 0.57 -0.75 0.57 

L61 3.75 0.67 3.95 0.69 3.55 0.67 0.38 0.48 0.91 0.52 1.13 0.50 

L62 19.20 791 19.58 788 19.15 789 0.47 0.48 1.77 0.53 2.02 0.54 

L64 2.14 0.50 2.57 0.53 2.11 0.50 1.65 0.54 2.76 0.57 3.07 0.57 

L65 1.04 0.46 1.15 0.48 1.05 0.47 0.71 0.59 1.73 0.63 2.33 0.64 

L67 2.73 0.86 3.03 0.88 2.60 0.86 -0.61 0.72 0.63 0.72 0.92 0.73 

ß10 - - - - - - - - -1.00 0.33 -0.75 0.29 

ß20 - - - - - - - - 0.04 0.01 0.03 0.01 

ß30 - - 0.00 0.00 0.00 0.00 - - 0.00 0.00 0.00 0.00 

ß40 - - - - - - - - - - - - 

ß01 - - - - - - - - -5.12 2.13 -4.86 1.81 

ß02 - - 0.18 0.06 - - - - -1.50 0.56 - - 

ß03 - - -0.07 0.02 - - - - 0.05 0.02 - - 

ß11 - - - - - - - - 0.75 0.29 0.63 0.26 

ß12 - - - - - - - - 0.14 0.05 - - 

ß13 - - - - - - - - - - - - 

ß21 - - - - - - - - -0.03 0.01 -0.03 0.01 

ß31 - - - - - - - - 0.00 0.00 0.00 0.00 

ß22 - - - - - - - - 0.00 0.00 - - 

&

&
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A5;7194&9D@769;5@3&963=8FA4163&S14?&:X&63DE&@&D@G;&9@4;R6519@D&<@9465&139D87;7&W$&63DEX\&KX&@3&

6A41F1V@4163&S14?&F65A?6D6RE&@DD6S;7&46&2@5E&@F63R&F67;D=&W6A41F8FX\&@37&MX&@3&

6A41F1V@4163&S14?&F65A?6D6RE&963=45@13;7&46&C;&4?;&=@F;&@F63R&@DD&F67;D=&<65&@DD&5;=6859;=&

W=1F8D40&6A41F8FX0&!?;=;&5;=8D4=&9655;=A637&S14?&F67;D&96FA@51=63&5;=8D4=&13&!@CD;&K0:\&@37&

F65A?6D6R1;=&8=;7&13&4?;&F67;D=&@5;&7;<13;7&CE&4?;&96;<<191;34=&<65&.&5;A654;7&13&4?@4&4@CD;0&"3E&

96;<<191;34&S14?&36&2@D8;&13719@4;=&4?@4&14&S@=&83@2@1D@CD;&W<65&4?;&D@G;&9@4;R6519@D&<@9465X&65&

5;F62;7&78513R&F67;D&5;7894163&W<65&R&2@D8;=X0&)6;<<191;34&D@C;D=&5;<;5&46&@&F67;D&S14?[&

?&j&RS&n&B*T&RHS)*n&RKS)K&n&RIS)M&n&RUS)U&n&RSH2&n&RSK2K&n&RSI2I&n&RSU2U&n&RHH)2&T*RHK)2K*T*RHI)2I*T&

RKH)K2&n*RIH)M2&T*RKK)K2K&

 Logistic Log 

 L only optimum simult. optimum L only optimum simult. optimum 

 Est. SE Est. SE Est. SE Est. SE Est. SE Est. SE 

ß0 -3.87 0.71 -3.37 0.78 -38.99 19.08 0.72 0.81 24.59 11.78 31.59 22.05 

L1 -16.69 3546 -15.13 3487 -15.60 5670 - - - - - - 

L2 -16.69 3869 -14.51 3820 -15.39 5815 - - - - - - 

L3 1.39 1.03 3.38 1.15 3.52 1.27 -2.47 1.14 -2.67 1.27 -2.85 1.43 

L4 -16.69 4739 -14.36 4508 -14.87 6978 - - - - - - 

L6 0.37 1.24 1.57 1.30 1.36 1.35 -1.92 1.39 -2.43 1.24 -2.33 1.38 

L7 2.26 1.05 2.96 1.11 3.22 1.18 -8.28 1.14 -10.35 1.14 -9.59 1.25 

L8 -16.69 4739 -15.21 4495 -16.56 7482 - - - - - - 

L9 -16.69 4300 -15.32 4130 -15.50 6583 - - - - - - 

L10 -16.69 12537 -15.64 11888 -15.76 19059 - - - - - - 

L11 -16.69 5118 -14.78 5048 -15.18 8012 - - - - - - 

L13 0.74 1.25 1.77 1.29 2.05 1.34 -8.09 1.39 -5.97 1.46 -9.22 1.53 

L14 0.74 1.25 2.35 1.31 2.71 1.34 -8.76 1.39 -10.96 1.43 -10.02 1.51 

L17 -16.69 4739 -15.98 4502 -17.38 7325 - - - - - - 

L19 -16.69 3237 -15.71 3170 -16.06 5190 - - - - - - 

L20 -16.69 3041 -15.50 2841 -15.63 2619 - - - - - - 

L21 1.04 1.25 3.17 1.35 2.88 1.39 -7.63 1.39 15.30 3.38 2.03 2.27 

L22 -16.69 5118 -14.97 4970 -15.81 7983 - - - - - - 

L23 -16.69 5346 -14.45 5272 -15.15 7860 - - - - - - 

L24 -16.69 5910 -16.87 5750 -18.16 9584 - - - - - - 

L28 -16.69 2673 -16.78 2489 -17.71 4201 - - - - - - 

L29 1.23 1.02 2.68 1.09 2.02 1.12 -5.30 1.14 -4.08 1.20 -1.37 1.27 

L30 1.62 1.03 1.89 1.08 2.26 1.10 -1.76 1.14 -2.32 1.11 -2.41 1.20 

L31 -16.69 3184 -16.74 2860 -17.50 4846 - - - - - - 

L32 -16.69 3965 -16.05 3577 -17.35 5817 - - - - - - 

L33 -16.69 5607 -15.60 5157 -17.18 8114 - - - - - - 

L34 -16.69 4739 -15.86 4118 -16.40 7174 - - - - - - 

L35 -16.69 4739 -15.49 4608 -16.22 7575 - - - - - - 

L36 -16.69 4300 -16.28 4160 -17.46 6927 - - - - - - 

L37 -16.69 2328 -16.19 2182 -17.74 3724 - - - - - - 

&
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L39 3.47 0.89 4.84 0.98 4.45 1.03 -3.28 0.93 -5.46 0.88 -4.04 1.01 

L42 -16.69 3292 -15.74 3168 -16.32 5110 - - - - - - 

L43 0.61 1.24 2.10 1.30 2.41 1.35 -1.91 1.39 -2.91 1.26 -1.82 1.38 

L44 3.28 0.91 5.08 1.04 5.34 1.12 -3.77 0.95 -4.74 1.05 -4.98 1.24 

L47 0.85 1.02 1.51 1.06 1.09 1.15 -2.12 1.14 -2.46 1.01 -2.33 1.15 

L48 -16.69 3869 -14.59 3577 -15.20 5705 - - - - - - 

L49 -16.69 3477 -15.18 3359 -15.65 5344 - - - - - - 

L50 -16.69 2308 -16.70 2049 -16.96 3539 - - - - - - 

L51 0.26 1.24 0.65 1.27 1.14 1.30 -1.88 1.39 -2.04 1.32 -2.75 1.43 

L53 -16.69 12537 -16.48 12456 -17.62 20615 - - - - - - 

L54 2.77 1.08 4.77 1.21 5.06 1.25 -8.78 1.14 -12.45 1.29 -9.90 1.36 

L57 1.23 1.26 2.08 1.51 2.69 1.38 -6.51 1.39 11.61 2.82 -2.59 1.80 

L58 3.73 0.76 3.80 0.81 4.08 0.83 -0.83 0.84 -0.66 0.75 -1.02 0.84 

L59 3.12 0.82 4.39 0.91 4.45 0.96 -1.00 0.89 -2.13 0.90 -2.07 1.00 

L60 1.16 1.02 0.78 1.08 1.14 1.09 -1.72 1.14 -2.98 1.10 -1.24 1.17 

L61 -16.69 3351 -17.82 3114 -17.69 5356 - - - - - - 

L62 -16.69 3546 -16.75 3390 -18.07 5472 - - - - - - 

L64 0.74 1.25 0.45 1.31 0.64 1.29 -5.17 1.39 -5.54 1.29 -5.25 1.39 

L65 3.41 0.80 4.08 0.88 3.28 0.89 -1.36 0.87 -0.23 0.95 -0.46 0.98 

L67 2.77 1.08 2.30 1.14 2.36 1.14 -3.49 1.14 -3.44 1.00 -3.20 1.10 

ß10 - - - - 7.02 3.50 - - -3.68 1.79 -5.95 4.18 

ß20 - - 0.00 0.00 -0.50 0.23 - - 0.18 0.09 0.43 0.29 

ß30 - - - - 0.01 0.01 - - 0.00 0.00 -0.01 0.01 

ß40 - - - - 0.00 0.00 - - - - 0.00 0.00 

ß01 - - -1.74 0.37 8.18 2.49 - - -37.33 10.57 0.96 0.54 

ß02 - - - - - - - - -3.01 1.93 -3.51 2.41 

ß03 - - - - - - - - -0.34 0.08 -0.19 0.07 

ß11 - - - - -0.89 0.24 - - 6.61 1.67 - - 

ß12 - - - - - - - - 0.61 0.19 0.46 0.24 

ß13 - - - - - - - - - - - - 

ß21 - - 0.00 0.00 0.02 0.01 - - -0.35 0.08 0.00 0.00 

ß31 - - - - - - - - 0.01 0.00 - - 

ß22 - - - - - - - - -0.03 0.00 -0.02 0.01 
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A5;7194&9?15636F17&A8A@;&963=8FA4163&S14?&:X&63DE&@&D@G;&9@4;R6519@D&<@9465&139D87;7&W$&63DEX\&

KX&@3&6A41F1V@4163&S14?&F65A?6D6RE&@DD6S;7&46&2@5E&@F63R&F67;D=&W6A41F8FX\&@37&MX&@3&

6A41F1V@4163&S14?&F65A?6D6RE&963=45@13;7&46&C;&4?;&=@F;&@F63R&@DD&F67;D=&<65&@DD&5;=6859;=&

W=1F8D40&6A41F8FX0&!?;=;&5;=8D4=&9655;=A637&S14?&F67;D&96FA@51=63&5;=8D4=&13&!@CD;&K0:\&@37&

F65A?6D6R1;=&8=;7&13&4?;&F67;D=&@5;&7;<13;7&CE&4?;&96;<<191;34=&<65&.&5;A654;7&13&4?@4&4@CD;0&"3E&

96;<<191;34&S14?&36&2@D8;&13719@4;=&4?@4&14&S@=&83@2@1D@CD;&W<65&4?;&D@G;&9@4;R6519@D&<@9465X&65&

5;F62;7&78513R&F67;D&5;7894163&W<65&R&2@D8;=X0&)6;<<191;34&D@C;D=&5;<;5&46&@&F67;D[&

?&j&RS&n&B*T&RHS)*n&RKS)K&n&RIS)M&n&RUS)U&n&RSH2&n&RSK2K&n&RSI2I&n&RSU2U&n&RHH)2&T*RHK)2K*T*RHI)2I*T&

RKH)K2&n*RIH)M2&T*RKK)K2K&

 Logistic Log 

 L only optimum simult. optimum L only optimum simult. optimum 

 Est. SE Est. SE Est. SE Est. SE Est. SE Est. SE 

ß0 -0.08 0.20 -6.05 2.56 -6.61 2.70 -2.34 0.20 -3.75 1.83 -4.29 1.94 

L1 -1.58 0.58 -1.71 0.61 -1.57 0.61 -3.85 0.71 -2.95 0.67 -2.64 0.67 

L2 -17.48 863 -17.19 841 -17.24 846       

L3 0.55 0.45 0.78 0.53 0.72 0.55 -0.95 0.39 -0.59 0.40 -0.67 0.42 

L4 -17.48 1057 -17.14 998 -17.03 1009       

L6 2.10 0.57 2.11 0.61 2.01 0.61 0.23 0.32 0.39 0.33 0.40 0.34 

L7 1.18 0.70 0.85 0.72 0.95 0.72 -0.57 0.49 0.13 0.47 0.24 0.47 

L8 1.38 0.68 1.47 0.72 1.37 0.72 -0.38 0.46 -0.36 0.44 -0.27 0.44 

L9 -0.27 0.53 -0.18 0.58 -0.15 0.58 -1.73 0.55 -0.44 0.53 -0.42 0.53 

L10 -17.48 2797 -17.35 2654 -17.28 2721       

L11 1.69 0.80 1.82 0.83 1.77 0.83 1.34 0.47 2.16 0.46 2.14 0.46 

L13 -17.48 808 -17.82 802 -17.75 805       

L14 -3.05 1.04 -3.01 1.06 -2.90 1.06 0.92 1.37 1.13 1.28 1.48 1.27 

L17 1.87 0.79 1.97 0.84 2.05 0.83 0.47 0.44 0.35 0.42 0.51 0.42 

L19 0.08 0.42 -0.25 0.46 -0.18 0.46 -0.87 0.40 -0.33 0.39 -0.27 0.40 

L20 -0.79 0.43 -1.10 0.50 -0.96 0.50 -0.31 0.47 0.61 0.48 0.77 0.50 

L21 -17.48 932 -17.51 895 -17.60 882       

L22 -0.61 0.64 -0.51 0.68 -0.51 0.68 -1.18 0.71 -0.11 0.67 -0.01 0.67 

L23 0.26 0.64 0.76 0.69 0.65 0.69 -0.87 0.59 0.47 0.57 0.60 0.57 

L24 -17.48 1319 -17.99 1318 -17.92 1317       

L28 1.59 0.44 1.28 0.46 1.40 0.46 0.26 0.30 -0.05 0.29 0.04 0.29 

L29 0.49 0.42 0.31 0.46 0.40 0.46 -1.04 0.38 -0.31 0.36 -0.22 0.36 

L30 -0.01 0.48 -0.27 0.51 -0.20 0.51 -1.02 0.47 -0.66 0.45 -0.64 0.45 

L31 -0.97 0.46 -1.38 0.48 -1.29 0.48 -0.28 0.52 -0.26 0.49 -0.26 0.49 

L32 -1.65 0.66 -1.77 0.68 -1.66 0.68 -1.35 0.81 -1.31 0.75 -1.16 0.75 

L33 -1.30 0.82 -1.37 0.84 -1.34 0.84 -0.90 0.98 -1.03 0.91 -1.05 0.91 

L34 1.00 0.63 1.11 0.65 1.14 0.65 0.11 0.47 1.28 0.45 1.37 0.45 

L35 0.67 0.59 0.49 0.62 0.57 0.62 -0.10 0.49 0.69 0.47 0.68 0.47 

L36 -0.04 0.53 -0.14 0.56 -0.14 0.56 0.06 0.52 -0.09 0.50 0.07 0.50 

&
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L37 -3.25 0.75 -3.32 0.82 -3.51 0.83 -1.09 0.98 -0.74 0.93 -0.78 0.94 

L39 -0.05 0.56 -0.29 0.58 -0.22 0.58 -0.02 0.55 -0.39 0.52 -0.19 0.52 

L42 0.01 0.42 -0.19 0.46 -0.18 0.46 -0.42 0.41 0.54 0.40 0.61 0.40 

L43 -1.67 0.58 -1.69 0.61 -1.66 0.61 0.78 0.71 2.10 0.67 2.07 0.67 

L44 -17.48 1057 -17.30 1046 -17.39 1050       

L47 1.28 0.41 1.19 0.46 1.13 0.45 0.55 0.31 1.05 0.31 1.13 0.31 

L48 -2.91 1.04 -2.76 1.09 -2.45 1.07 -4.22 1.37 -3.23 1.31 -2.73 1.32 

L49 -1.35 0.54 -1.32 0.57 -1.32 0.57 -0.59 0.64 0.35 0.60 0.45 0.60 

L50 0.60 0.34 0.60 0.37 0.63 0.37 1.27 0.30 1.51 0.30 1.54 0.30 

L51 -0.46 0.39 -0.57 0.43 -0.42 0.43 0.35 0.41 0.42 0.40 0.50 0.40 

L53 -17.48 2797 -18.01 2793 -17.88 2794       

L54 -17.48 1399 -17.19 1332 -17.14 1360       

L57 -17.48 1021 -17.18 1002 -17.10 1001       

L58 0.83 0.35 0.84 0.37 0.90 0.37 1.20 0.30 0.90 0.29 0.96 0.29 

L59 0.83 0.45 1.14 0.51 1.13 0.51 0.18 0.37 1.02 0.36 1.15 0.37 

L60 3.52 1.04 3.67 1.08 3.58 1.07 1.69 0.31 2.32 0.31 2.19 0.31 

L61 -0.35 0.44 -0.41 0.47 -0.33 0.47 0.16 0.46 0.03 0.45 0.00 0.44 

L62 -1.58 0.58 -1.88 0.60 -1.89 0.60 -2.56 0.71 -1.78 0.67 -1.87 0.66 

L64 -0.25 0.46 -0.43 0.48 -0.39 0.48 -0.21 0.47 0.33 0.44 0.25 0.44 

L65 -0.24 0.42 -0.52 0.46 -0.68 0.46 -1.45 0.43 -1.42 0.40 -1.40 0.41 

L67 17.65 1399 17.16 1393 17.27 1393 0.55 0.52 0.55 0.49 0.71 0.49 

ß10 - - 0.74 0.33 0.80 0.35 - - 0.43 0.23 0.46 0.24 

ß20 - - -0.03 0.01 -0.03 0.01 - - -0.03 0.01 -0.03 0.01 

ß30 - - 0.00 0.00 0.00 0.00 - - 0.00 0.00 0.00 0.00 

ß40 - - - - - - - - - - - - 

ß01 - - 3.30 1.79 5.13 2.25 - - -0.24 0.07 -3.33 1.48 

ß02 - - 0.82 0.53 1.21 0.47 - - -1.54 0.33 -1.08 0.30 

ß03 - - 0.07 0.03 - - - - - - - - 

ß11 - - -0.48 0.24 -0.69 0.31 - - - - 0.40 0.18 

ß12 - - -0.10 0.05 -0.13 0.04 - - 0.14 0.03 0.10 0.03 

ß13 - - - - - - - - - - - - 

ß21 - - 0.02 0.01 0.03 0.01 - - - - -0.02 0.01 

ß31 - - 0.00 0.00 0.00 0.00 - - - - 0.00 0.00 

ß22 - - 0.00 0.00 0.00 0.00 - - 0.00 0.00 0.00 0.00 
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A5;7194&<1=?&963=8FA4163&S14?&:X&63DE&@&D@G;&9@4;R6519@D&<@9465&139D87;7&W$&63DEX\&KX&@3&

6A41F1V@4163&S14?&F65A?6D6RE&@DD6S;7&46&2@5E&@F63R&F67;D=&W6A41F8FX\&@37&MX&@3&

6A41F1V@4163&S14?&F65A?6D6RE&963=45@13;7&46&C;&4?;&=@F;&@F63R&@DD&F67;D=&<65&@DD&5;=6859;=&

W=1F8D40&6A41F8FX0&!?;=;&5;=8D4=&9655;=A637&S14?&F67;D&96FA@51=63&5;=8D4=&13&!@CD;&K0:\&@37&

F65A?6D6R1;=&8=;7&13&4?;&F67;D=&@5;&7;<13;7&CE&4?;&96;<<191;34=&<65&.&5;A654;7&13&4?@4&4@CD;0&"3E&

96;<<191;34&S14?&36&2@D8;&13719@4;=&4?@4&14&S@=&83@2@1D@CD;&W<65&4?;&D@G;&9@4;R6519@D&<@9465X&65&

5;F62;7&78513R&F67;D&5;7894163&W<65&R&2@D8;=X0&)6;<<191;34&D@C;D=&5;<;5&46&@&F67;D[&

?&j&RS&n&B*T&RHS)*n&RKS)K&n&RIS)M&n&RUS)U&n&RSH2&n&RSK2K&n&RSI2I&n&RSU2U&n&RHH)2&T*RHK)2K*T*RHI)2I*T&

RKH)K2&n*RIH)M2&T*RKK)K2K&

 Logistic Log 

 L only optimum simult. optimum L only optimum simult. optimum 

 Est. SE Est. SE Est. SE Est. SE Est. SE Est. SE 

ß0 -1.43 0.26 -9.05 2.01 -7.84 2.07 -0.34 0.20 -10.03 5.27 2.68 1.56 

L1 -19.14 3546 -20.11 3454 -19.74 3478 - - - - - - 

L2 -19.14 3869 -20.77 3723 -20.66 3744 - - - - - - 

L3 -19.14 3477 -18.85 3394 -18.72 3448 - - - - - - 

L4 2.01 0.61 0.61 0.70 0.71 0.69 1.11 0.35 1.18 0.29 1.16 0.32 

L6 -19.14 3041 -18.27 2940 -18.39 3010 - - - - - - 

L7 -19.14 5118 -19.40 5026 -19.18 5020 - - - - - - 

L8 -0.37 0.81 -0.10 0.94 -0.25 0.89 -0.53 0.64 -0.88 0.59 -0.61 0.60 

L9 1.54 0.55 0.54 0.62 1.06 0.62 -0.23 0.35 -0.29 0.29 -0.25 0.34 

L10 1.43 1.44 0.20 1.67 0.60 1.81 0.12 0.88 0.44 0.72 0.16 0.83 

L11 -0.18 0.82 -0.77 0.87 -0.59 0.89 -0.43 0.64 -0.69 0.63 -0.46 0.61 

L13 -19.14 3619 -19.53 3577 -19.21 3606 - - - - - - 

L14 2.52 0.54 1.39 0.61 1.70 0.58 -0.45 0.28 -0.52 0.24 -0.40 0.27 

L17 0.51 0.64 0.37 0.84 0.50 0.79 -0.42 0.47 -0.93 0.40 -1.23 0.45 

L19 -19.14 3237 -19.26 3179 -18.89 3209 - - - - - - 

L20 -19.14 3041 -21.06 2171 -24.70 2254 - - - - - - 

L21 -19.14 4179 -20.91 3970 -20.38 4029 - - - - - - 

L22 2.12 0.66 1.25 0.75 1.45 0.72 -0.72 0.36 -0.43 0.31 -0.77 0.35 

L23 -19.14 5346 -20.83 5118 -20.71 5140 - - - - - - 

L24 -0.65 1.09 -0.68 1.13 -0.55 1.13 -0.46 0.88 -0.54 0.74 -0.72 0.80 

L28 -1.19 0.65 -0.78 0.76 -0.61 0.71 1.26 0.54 0.33 0.47 0.13 0.52 

L29 -19.14 3237 -20.19 2962 -19.99 3113 - - - - - - 

L30 -19.14 3869 -19.30 3685 -18.81 3732 - - - - - - 

L31 -19.14 3184 -19.88 3054 -19.42 3053 - - - - - - 

L32 -1.52 1.06 -3.00 1.10 -2.65 1.11 0.04 0.88 -0.07 0.72 0.10 0.80 

L33 0.58 0.74 -0.50 0.82 -0.20 0.78 -0.13 0.54 0.10 0.44 0.03 0.49 

L34 -19.14 4739 -20.32 4502 -20.03 4643 - - - - - - 

L35 0.13 0.70 -0.72 0.74 -0.42 0.73 0.67 0.54 0.61 0.44 0.52 0.49 

L36 -19.14 4300 -17.91 4135 -17.95 4193 - - - - - - 

L37 -2.62 1.04 -2.81 1.41 -2.25 1.36 -1.00 0.88 -1.40 0.74 -1.57 0.81 

L39 -19.14 4578 -18.86 4001 -18.93 4324 - - - - - - 

&
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L42 -1.91 1.05 -2.52 1.07 -2.08 1.07 -1.17 0.88 -1.62 0.72 -1.50 0.80 

L43 0.73 0.48 -0.23 0.53 0.14 0.53 -0.47 0.35 -0.56 0.28 -0.45 0.33 

L44 -19.14 4739 -20.28 4476 -19.81 4496 - - - - - - 

L47 -19.14 2704 -19.10 2418 -18.84 2532 - - - - - - 

L48 0.94 0.52 -0.77 0.60 -0.51 0.60 0.90 0.36 0.55 0.31 1.14 0.34 

L49 -19.14 3477 -20.33 3371 -19.84 3414 - - - - - - 

L50 -1.50 0.65 -2.13 0.69 -1.66 0.69 0.57 0.54 0.41 0.47 0.61 0.53 

L51 0.25 0.46 -0.80 0.57 -0.38 0.56 0.64 0.35 -0.22 0.36 0.58 0.36 

L53 -19.14 12537 -18.65 11877 -18.37 12353 - - - - - - 

L54 0.91 0.77 -0.93 0.89 -1.07 1.07 -1.44 0.54 -1.04 0.49 -1.27 0.56 

L57 -19.14 4578 -20.64 4351 -20.51 4428 - - - - - - 

L58 0.42 0.40 0.59 0.51 0.98 0.50 0.15 0.30 -0.10 0.26 -0.16 0.30 

L59 -1.87 1.05 -4.76 2.12 -3.07 1.13 -0.69 0.88 -0.27 0.91 -0.40 0.82 

L60 -2.01 1.05 -3.71 1.26 -2.74 1.09 -1.17 0.88 -0.88 0.73 -0.73 0.82 

L61 -19.14 3351 -18.45 3111 -17.42 3248 - - - - - - 

L62 -19.14 3546 -19.21 3344 -18.95 3396 - - - - - - 

L64 -1.71 1.05 -2.09 1.10 -1.67 1.08 -0.42 0.88 -0.81 0.73 -0.69 0.80 

L65 -19.14 3184 -19.32 2731 -19.03 2904 - - - - - - 

L67 -19.14 6269 -18.24 6148 -18.13 6153 - - - - - - 

ß10 - - 0.47 0.14 0.36 0.15 - - 1.68 0.74 -0.15 0.11 

ß20 - - -0.01 0.00 0.00 0.00 - - -0.09 0.04 0.00 0.00 

ß30 - - - - - - - - 0.00 0.00 - - 

ß40 - - - - - - - - 0.00 0.00 - - 

ß01 - - 4.50 1.90 4.63 1.95 - - 23.59 6.59 -2.99 0.95 

ß02 - - -0.46 0.17 - - - - 0.13 0.08 - - 

ß03 - - 0.21 0.08 - - - - -0.09 0.04 - - 

ß11 - - -0.27 0.12 -0.36 0.15 - - -2.45 0.69 0.18 0.05 

ß12 - - - - - - - - - - - - 

ß13 - - - - - - - - - - - - 

ß21 - - 0.00 0.00 0.01 0.00 - - 0.08 0.02 0.00 0.00 

ß31 - - - - - - - - 0.00 0.00 - - 

ß22 - - - - - - - - - - - - 

&
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!@CD;&"K0Y0&%=41F@4;=&6<&4?;&F;@3=\&=4@37@57&7;21@4163=\&@37&9655;D@4163=&96;<<191;34=&<65&

F65A?6D6RE&W2X&@37&=1V;&W)X&6<&4?;&C12@51@4;&365F@D&A56C@C1D14E&7;3=14E&<8394163=&WZ:W2H\&)X\&

ZKW2K\&)XX&6<&;@9?&7@4@&=;4&9655;=A63713R&S14?&4?;&13719@4;7&F67;D0&!?;=;&S;5;&8=;7&13&4?;&

9655;94163&<8394163&)W2H\&2K\&)X&W%O0&K0Y0X&

  m mean s mean m ! s ! $ r 

  Est. SE Est. SE Est. SE Est. SE Est. SE Est. 

Snail 
Logistic 0.000 0.028 23.431 0.208 0.990 0.020 7.331 0.147 0.121 0.028 - 

Log  0.000 0.029 23.430 0.208 1.005 0.020 7.331 0.147 -0.343 0.025 0.893 

Tadpole 

shrimp 

Logistic 0.000 0.028 23.431 0.208 1.000 0.020 7.331 0.147 -0.460 0.022 - 

Log  0.000 0.029 23.431 0.208 1.005 0.020 7.331 0.147 0.090 0.028 0.513 

Pea clam 
Logistic 0.000 0.028 23.431 0.208 0.998 0.020 7.331 0.147 -0.327 0.025 - 

Log  0.000 0.029 23.431 0.208 1.007 0.020 7.331 0.147 -0.380 0.024 0.491 

Cladoceran 
Logistic 0.000 0.028 23.431 0.208 1.002 0.020 7.331 0.147 -0.017 0.028 - 

Log  0.000 0.028 23.431 0.208 1.003 0.020 7.331 0.147 -0.037 0.028 1.043 

Chironomid 

pupae 

Logistic 0.000 0.029 23.431 0.208 1.007 0.020 7.331 0.147 -0.073 0.028 - 

Log  0.000 0.029 23.431 0.208 1.004 0.020 7.331 0.147 -0.126 0.028 0.513 

Fish 
Logistic 0.000 0.028 23.431 0.208 0.991 0.020 7.331 0.147 0.038 0.028 - 

Log  0.000 0.028 23.431 0.208 0.996 0.020 7.331 0.147 0.254 0.027 0.630 

Simultaneous - 0.000 0.029 23.431 0.208 1.006 0.020 7.331 0.147 -0.028 0.028 - 

&
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!@CD;&"M0:0&%=41F@4;7&A@5@F;4;5=&@37&=4@37@57&;5565=&6<&B63&#;5@D@3<<E&R56S4?&9852;&F67;D=&

A;5&D@G;0&^?;3&4?;&C;=4&F67;D&9634@13;7&K&65&F65;&96FA63;34=&W]&j&KX\&A@5@F;4;5=&<65&;@9?&

R56S4?&9852;&S;5;&R12;3&837;5&@&71<<;5;34&F65A?&7;=1R3@4163&WLX0&(65&4S6`9852;&F67;D=\&4?;&

;=41F@4;7&F1Q485;&A56A654163&+*1=&R12;3&<65&L&j&:\&65&:&`&+&<65&L&j&K0&(65&4?5;;`9852;&F67;D=\&+H*1=&

R12;3&<65&L&j&:\&+K&<65&L&j&K\&@37&:&f&+H&f&+K&<65&L&j&M0&

$@G;& L& BV* W* X* BV* W* X* +*

-! -! :>.?-! -.UU! U.>D! U.;?! U.UK! U.->! U.UD!
-! :! ?:.UQ! U.QE! -.>U! U.Q?! U.U;! U.:;! U.D-!
:! -! E:.E>! U.??! -.K>! -.;K! U.U:! U.-K! O!
?! -! :?.Q>! U.:D! -.;E! -.EK! U.UE! U.-E! O!
E! -! :-.-D! U.DD! :.Q:! U.D;! U.;D! U.ED! U.>-!
E! :! >U.?K! U.:?! :.:;! -U.;-! U.UQ! U.;U! U.?D!
>! -! -Q.D-! U.;-! U.;:! U.:D! U.UE! U.UD! U.;E!
>! :! ::.Q:! U.??! U.D>! U.K:! U.UE! U.->! U.E>!
Q! -! :;.K?! U.ED! :.-U! -.?E! U.UQ! U.:E! O!
K! -! ;E.->! U.UQ! E.;?! -K.E-! U.U?! U.E?! O!
D! -! ;K.?E! U.-Q! :.?Q! :U.>Q! U.UK! U.:D! U.K>!
D! :! Q:.UU! U.-D! -.UK! -U.UK! U.UE! U.E>! U.-E!
-U! -! E-.EQ! U.>:! :.;U! -.>E! U.U;! U.E-! U.>E!
-U! :! ;?.EQ! U.:Q! -.U-! E.?D! U.U?! U.:E! U.?>!
--! -! :;.K>! U.;E! -.?-! U.D:! U.U>! U.:?! U.EE!
--! :! ?D.UK! U.:-! -.EK! -.Q;! U.U:! U.:>! U.;>!
-?! -! :E.E-! U.;:! -.E:! U.;Q! U.UQ! U.->! O!
-E! -! E>.U;! U.::! ?.;Q! ;.-E! U.UE! U.?Q! O!
-Q! -! -;.DK! U.>Q! U.>?! U.?-! U.U>! U.-;! U.:Q!
-Q! :! :?.-D! U.?;! :.E>! -.?>! U.UQ! U.EE! U.E;!
-Q! ?! EE.;>! U.->! ?.>U! K.?E! U.U>! U.K:! U.:K!
-D! -! :-.DE! U.Q:! U.EU! O! O! O! U.:>!
-D! :! ;?.DU! U.-Q! :.;?! Q.Q>! U.UE! U.EE! U.?K!
-D! ?! :K.U-! U.:D! -.UE! -.E>! U.U?! U.-D! U.?>!
:U! -! ::.>;! U.?E! :.Q;! -.E;! U.U;! U.?;! U.>>!
:U! :! >>.>E! U.UK! ?.KU! :?.D:! U.UE! U.>E! U.?E!
:-! -! ;E.E;! U.:U! :.U>! E.Q?! U.U?! U.:K! O!
::! -! ?-.K:! U.?-! :.UE! -.:>! U.U?! U.:-! U.QE!
::! :! ;U.KD! U.-?! -.->! ;.->! U.U:! U.?;! U.:>!
:?! -! ?Q.KE! U.?U! U.QE! -.Q;! U.U?! U.-K! U.ED!
:?! :! K>.DE! U.--! ?.?-! ?>.DU! U.U>! U.;K! U.;-!
:E! -! :K.U:! U.?D! -.EK! -.U>! U.U?! U.-;! O!
:K! -! -K.E?! U.;U! -.>-! U.;>! U.UQ! U.-Q! U.Q>!
:K! :! EE.EK! U.?E! ?.KQ! Q.?;! U.-U! U.Q;! U.:E!
:D! -! :;.:D! U.EQ! U.EU! U.:K! U.U:! U.--! U.::!
:D! :! Q:.UE! U.UK! :.E:! -;.E;! U.U:! U.?U! U.QK!
?U! -! :K.D>! U.?-! -.KE! -.EK! U.U?! U.:-! O!
?-! -! ?Q.QK! U.??! :.QK! ?.::! U.U;! U.?U! O!
?:! -! ;K.E-! U.--! -.UU! ;.KK! U.U:! U.:-! U.?:!
?:! :! K?.QQ! U.UK! -.E:! -E.U>! U.U:! U.::! U.>K!

& &
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??! -! EE.UD! U.-:! -.;D! Q.->! U.U?! U.E:! U.;:!
??! :! ;>.Q?! U.-U! :.>;! D.E>! U.U?! U.ED! U.EK!
?E! -! ?U.QK! U.E?! -.U?! U.?K! U.U:! U.-;! O!
?;! -! :K.;D! U.>;! -.:D! U.>>! U.U;! U.:D! U.QK!
?;! :! ?E.;>! U.E:! ?.K>! Q.-;! U.:U! -.U-! U.::!
?>! -! ->.>E! U.EQ! -.:D! -.UD! U.-Q! U.?;! O!
?Q! -! -?.E;! U.?;! U.EU! U.E-! U.UE! (S! U.?U!
?Q! :! -:;.DU! U.U?! E.EU! Q-.D-! U.U:! -.-D! U.->!
?Q! ?! -;.--! U.K;! :.:>! -.U-! :.UQ! U.:;! U.;E!
?D! -! :K.QU! U.:;! U.K?! -.Q>! U.U?! U.-;! U.?;!
?D! :! ?K.KK! U.:U! :.:U! ?.D:! U.U?! U.:E! U.>;!
E-! -! ;:.-U! U.:K! E.-K! D.U;! U.-U! -.:?! U.EK!
E-! :! Q>.ED! U.-Q! U.>D! ?.-?! U.U-! U.-?! U.;:!
E:! -! :Q.K;! U.?Q! ?.U?! -.;-! U.UQ! U.:K! O!
E?! -! ?:.?Q! U.:;! -.D;! -.Q-! U.U?! U.?U! U.Q?!
E?! :! ;U.?;! U.->! -.DQ! Q.DQ! U.UE! U.;-! U.:Q!
EE! -! :UU.UU! U.UE! E.-U! -DD.UQ! U.UE! U.E;! O!
EQ! -! ?:.-Q! U.::! ?.-E! >.DK! U.UQ! U.E;! U.K:!
EQ! :! :UU.UU! U.U?! ;.E;! -U;.->! U.U:! -.>K! U.-K!
EK! -! ?E.E-! U.?D! U.EU! U.;:! U.U-! (S! U.:Q!
EK! :! KE.QD! U.--! E.UU! ?:.?:! U.U;! U.>:! U.?Q!
EK! ?! EE.E;! U.?:! U.ED! U.>K! U.U-! U.-U! U.?>!
ED! -! :>.:Q! U.EQ! -.UU! U.D>! U.UK! U.:>! U.:>!
ED! :! ?>.U-! U.?U! :.::! :.E?! U.U;! U.?U! U.QE!
;U! -! -Q.EE! U.>Q! -.;-! U.;?! U.UD! U.??! U.EU!
;U! :! ?-.UU! U.?K! E.??! :.:>! U.UK! U.Q-! U.>U!
;-! -! QU.?:! U.-D! :.:>! K.Q:! U.U?! U.:K! U.QQ!
;-! :! >:.>>! U.-;! :.:-! E.K>! U.U?! U.Q>! U.:?!
;?! -! ED.QU! U.-E! U.KD! :.Q;! U.U-! U.-E! U.QE!
;?! :! ;>.U?! U.-E! ;.?>! -:.;E! U.U;! U.DQ! U.:>!
;E! -! :E.K:! U.>:! U.E-! U.:D! U.U:! U.UD! U.??!
;E! :! DQ.UE! U.U>! :.K>! ?K.-:! U.U?! U.E;! U.?;!
;E! ?! ?:.UD! U.?-! U.KE! U.DE! U.U:! U.-K! U.?-!
;Q! -! ;D.U?! U.:Q! :.D-! -?.KK! U.-U! U.E>! O!
;K! -! -Q.-Q! U.>-! U.D?! U.;;! U.U>! U.--! U.;K!
;K! :! QE.?K! U.-U! E.>;! >U.:Q! U.--! U.;Q! U.E:!
;D! -! ?>.:U! U.->! ?.-?! E.;E! U.U?! U.EK! U.EE!
;D! :! >Q.E;! U.-U! ?.;-! -:.E;! U.U:! U.E:! U.;>!
>U! -! ED.>Q! U.-;! ?.:U! K.KQ! U.U>! -.E:! U.-Q!
>U! :! ?>.>?! U.-K! :.U;! :.Q:! U.U:! U.:E! U.K?!
>-! -! -K.;U! U.?U! U.KK! -.:;! U.UE! U.:U! U.>U!
>-! :! :Q.-D! U.-D! -.->! ;.:Q! U.U>! U.:D! U.EU!
>:! -! :E.??! U.>D! -.>E! U.D;! U.UQ! U.::! U.Q;!
>:! :! EK.KK! U.:U! :.DQ! -D.EQ! U.-:! U.>E! U.:;!
>E! -! :-.;;! U.::! U.;?! -.DD! U.UE! U.:U! U.:Q!
>E! :! QU.EE! U.U>! ?.:Q! ??.DU! U.UE! U.E:! U.Q?!
>;! -! >:.->! U.-U! :.QK! >.>E! U.U-! U.:;! O!
>Q! -! :?.U-! U.E>! U.>>! U.>K! U.UE! U.-?! O!
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!@CD;&"M0K0&%=41F@4;7&A@5@F;4;5=&<65&C12@51@4;&F67;D=&6<&F65A?6D6R19@D&2@51@CD;=&2H\&2K\&@37&

2I0&^?;3&4?;&C;=4&F67;D&S@=&831F67@D\&4?;&F;@3=\&2@51@39;=&@37&962@51@39;=&@F63R&@DD&

2@51@CD;=&@5;&R12;30&^?;3&4?;&C;=4&F67;D&9634@13;7&@&C1F67@D&F1Q485;&6<&K&C12@51@4;&365F@D&

71=451C84163=\&A@5@F;4;5=&<65&;@9?&71=451C84163&@5;&R12;3&837;5&@&71<<;5;34&F65A?&7;=1R3@4163&

WLX\&@37&4?;&;=41F@4;7&F1Q485;&A56A654163&+*1=&R12;3&<65&L&j&:\&65&:&f&+&<65&L&j&K0&!?;&C12@51@4;&

96FC13@4163=&<65&S?19?&C1F67@D&F67;D=&R12;&4?;&C;=4&<14&@5;&13&C6D70&!?;&2@D8;&<65&4?;&2@51@CD;&

364&139D87;7&13&4?;&F67;D&1=&R12;3&@=&4?;&F;@3&2@D8;&@956==&@DD&13712178@D=&13&4?;&D@G;\&C84&

2@51@39;=&@37&962@51@39;=&@5;&364&R12;3&@=&4?;E&7;A;37&63&4?;&=@FAD;=&139D87;70&

  Mean Variance Covariance  

Lake M m1 m2 m3 m1 m2 m3 m1- m2 m2- m3 m1-m3 p 

1 1 -1.55E-02 -2.89E-03 -2.24E-02 1.10E-04 5.87E-05 5.14E-05 -4.14E-05 5.14E-05 -9.48E-06 - 

2 1 -9.28E-04 8.28E-03 -1.67E-02 2.13E-04 1.36E-04 5.13E-05 -2.96E-05 5.13E-05 -4.49E-05 - 

3 1 1.66E-02 1.49E-02 -7.01E-03 1.85E-04 1.05E-04 6.84E-05 -1.71E-05 6.84E-05 4.26E-06 - 

4 1 6.72E-03 7.70E-03 -5.90E-03 2.65E-04 2.62E-04 8.47E-05 7.67E-05 8.47E-05 2.21E-05 - 

6 1 1.95E-02 6.25E-03 -9.09E-04 1.07E-04 1.27E-04 8.42E-05 -2.72E-06 8.42E-05 -2.50E-05 - 

7 1 -9.25E-03 -3.03E-03 -6.31E-03 1.78E-04 6.84E-05 4.89E-05 -1.76E-05 4.89E-05 -9.78E-06 - 

8 1 2.38E-02 -2.39E-03 -3.65E-03 4.42E-04 1.29E-04 9.41E-05 -6.09E-05 9.41E-05 -9.43E-05 - 

9 1 -3.02E-03 5.59E-03 -1.27E-03 2.20E-04 1.08E-04 5.63E-05 -6.94E-05 5.63E-05 -9.23E-06 - 

10 1 -2.36E-02 4.30E-04 -1.95E-02 1.28E-04 3.79E-05 7.26E-05 -3.50E-05 7.26E-05 -1.17E-05 - 

11 1 1.23E-02 5.77E-03 -1.01E-02 2.49E-04 8.84E-05 3.01E-05 -3.97E-05 3.01E-05 -8.19E-07 - 

13 1 -4.80E-04 -2.40E-04 1.27E-03 1.19E-04 1.32E-04 4.81E-05 -1.29E-05 4.81E-05 -7.61E-07 - 

14 1 -1.37E-02 3.71E-03 -2.84E-03 2.25E-04 1.22E-04 5.63E-05 -1.96E-05 5.63E-05 -2.13E-06 - 

17 1 -3.60E-03 -4.16E-03 -3.27E-03 1.60E-04 7.81E-05 7.70E-05 -1.00E-05 7.70E-05 6.81E-06 - 

19 1 -5.71E-03 -1.56E-03 -1.56E-02 2.22E-04 7.20E-05 1.06E-04 -2.34E-05 1.06E-04 -1.45E-06 - 

20 1 5.34E-03 1.31E-02 -1.00E-02 2.66E-04 3.05E-04 1.06E-04 7.77E-05 1.06E-04 -5.89E-05 - 

21 1 -4.05E-03 2.33E-03 3.85E-03 3.43E-04 9.16E-05 6.74E-05 -2.81E-05 6.74E-05 -8.37E-05 - 

22 1 7.49E-03 -2.37E-03 -1.10E-02 1.46E-04 5.40E-05 5.70E-05 2.87E-06 5.70E-05 -2.70E-05 - 

23 1 -3.28E-03 5.54E-05 -9.01E-03 2.51E-04 1.22E-04 3.64E-05 4.95E-06 3.64E-05 2.37E-05 - 

24 1 -1.34E-02 -1.24E-02 1.07E-02 1.84E-04 2.36E-05 3.29E-05 -2.27E-05 3.29E-05 -3.24E-05 - 

28 1 7.52E-03 -8.38E-03 1.41E-02 3.19E-05 - 5.72E-05 - - -3.78E-05 0.35 

28 2 9.03E-03 -8.38E-03 2.71E-03 3.42E-04 - 8.58E-05 - - 6.72E-05 0.65 

29 1 1.77E-03 -1.46E-02 -3.89E-03 3.09E-04 7.96E-05 4.83E-05 -4.59E-05 4.83E-05 8.27E-06 - 

30 1 -4.99E-03 -1.69E-03 3.99E-03 1.82E-04 1.51E-04 6.05E-05 -5.14E-06 6.05E-05 -3.57E-05 - 

31 1 -6.66E-03 -6.17E-03 5.42E-03 2.53E-04 8.25E-05 7.38E-05 1.09E-05 7.38E-05 -3.13E-05 - 

32 1 -5.57E-03 -9.83E-03 5.82E-04 1.05E-04 - 1.08E-04 - - 2.87E-08 0.83 

32 2 2.47E-03 -9.83E-03 1.83E-02 2.13E-04 - 2.50E-05 - - 7.29E-05 0.17 

33 1 1.25E-03 -5.96E-03 1.14E-02 1.84E-04 6.61E-05 1.13E-04 -2.67E-05 1.13E-04 -5.88E-05 - 
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34 1 1.81E-03 -2.95E-03 -1.45E-03 1.22E-04 1.31E-04 6.00E-05 -6.65E-05 6.00E-05 -2.33E-05 - 

35 1 -6.82E-03 -3.54E-03 1.46E-03 2.45E-04 7.60E-05 8.27E-05 -5.33E-05 8.27E-05 -4.65E-05 - 

36 1 1.23E-02 1.08E-03 5.63E-03 2.10E-04 1.08E-04 4.90E-05 3.27E-05 4.90E-05 -2.04E-05 - 

37 1 1.04E-02 1.71E-02 1.06E-02 1.79E-04 2.32E-04 9.92E-05 9.84E-05 9.92E-05 -4.48E-05 - 

39 1 1.36E-02 -1.54E-02 -5.58E-03 2.48E-04 8.94E-05 - -7.77E-05 - - 0.76 

39 2 2.23E-02 -8.59E-03 -5.58E-03 9.71E-05 6.38E-06 - 2.25E-05 - - 0.24 

42 1 4.28E-03 2.38E-03 2.27E-03 2.06E-04 1.22E-04 1.20E-04 -1.93E-05 1.20E-04 -7.08E-05 - 

43 1 6.41E-04 3.33E-04 -9.13E-04 1.97E-04 7.63E-05 4.87E-05 -2.67E-06 4.87E-05 -1.54E-05 - 

44 1 -6.77E-03 3.07E-03 -2.18E-02 1.28E-04 5.69E-05 1.55E-04 -9.35E-06 1.55E-04 -1.62E-05 - 

47 1 8.86E-03 2.13E-03 7.87E-04 2.10E-04 1.19E-04 9.43E-05 1.37E-05 9.43E-05 -3.10E-05 - 

48 1 -1.17E-02 3.32E-03 -4.97E-03 2.80E-04 1.11E-04 1.36E-04 -4.63E-05 1.36E-04 6.25E-06 - 

49 1 -2.93E-03 8.64E-03 -3.02E-03 1.54E-04 1.22E-04 9.41E-05 -2.70E-05 9.41E-05 -3.65E-06 - 

50 1 9.45E-04 4.72E-03 4.28E-03 2.43E-04 1.28E-04 1.07E-04 2.02E-05 1.07E-04 2.67E-05 - 

51 1 -9.07E-03 4.81E-03 2.24E-03 - 7.30E-05 2.19E-05 - 3.98E-05 - 0.18 

51 2 -9.07E-03 1.16E-03 -3.64E-03 - 1.23E-04 6.09E-05 - -2.98E-05 - 0.82 

53 1 -7.52E-03 4.06E-03 5.56E-04 1.16E-04 5.74E-05 5.00E-05 -2.83E-05 5.00E-05 -7.18E-06 - 

54 1 -1.37E-02 4.25E-04 4.23E-03 - 2.31E-05 4.21E-05 - -1.53E-06 - 0.79 

54 2 -1.37E-02 1.32E-02 -7.68E-03 - 2.18E-04 8.12E-06 - -4.17E-05 - 0.21 

57 1 -2.34E-02 -4.38E-03 -2.29E-02 4.47E-04 1.88E-04 1.89E-04 -1.13E-04 1.89E-04 7.60E-06 - 

58 1 2.03E-03 -2.44E-03 6.21E-03 1.74E-04 1.39E-04 9.32E-05 9.53E-06 9.32E-05 -2.10E-05 - 

59 1 -4.12E-04 2.56E-03 -2.33E-03 2.14E-04 2.07E-04 2.09E-04 -3.16E-05 2.09E-04 -6.40E-05 - 

60 1 -1.23E-02 4.69E-03 2.39E-02 2.31E-04 - 4.83E-05 - - 3.07E-05 0.82 

60 2 2.84E-03 4.69E-03 8.90E-03 6.66E-06 - 2.45E-05 - - -1.20E-05 0.18 

61 1 2.64E-03 5.93E-03 1.64E-02 2.19E-04 1.04E-04 8.73E-05 -4.11E-05 8.73E-05 -4.06E-05 - 

62 1 9.58E-03 -1.14E-02 -9.03E-03 2.17E-04 - 4.37E-05 - - 8.97E-05 0.11 

62 2 -7.03E-03 -1.14E-02 7.45E-03 1.37E-04 - 3.09E-05 - - -1.65E-05 0.89 

64 1 3.14E-03 -2.11E-03 1.23E-02 2.09E-04 1.45E-04 5.25E-05 -5.79E-05 5.25E-05 1.54E-06 - 

65 1 -8.01E-03 -2.69E-02 4.90E-03 3.17E-04 6.52E-05 - -6.87E-05 - - 0.62 

65 2 1.91E-02 1.36E-03 4.90E-03 1.43E-04 1.00E-04 - -2.62E-05 - - 0.38 
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