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R É S U M É ( t radui t par les éd i teurs) 

Les d e u x p rocessus qui dé te rm inen t la s t ruc tu re d e s c o m m u n a u t é s d a n s les habi tats 
insu la i res son t l ' immigra t ion d ' espèces ve rs u n e c o m m u n a u t é et l 'ext inct ion de ce l les qui 
é t a i e n t p r é s e n t e s a u p a r a v a n t . B i e n q u e l ' i m m i g r a t i o n e t l ' e x t i n c t i o n s e p r o d u i s e n t 
g é n é r a l e m e n t à d e s é c h e l l e s s u p é r i e u r e s à ce l l es qu ' i l e s t p o s s i b l e d ' é tud ie r a v e c d e s 
e x p é r i e n c e s p l a n n i f i é e s , les é c o l o g i s t e s p e u v e n t a m é l i o r e r leur c o m p r é h e n s i o n de c e s 
p r o c e s s u s par l 'ana lyse d e s d is t r ibu t ions o b s e r v é e s ; l ' iso lat ion, le ca rac tè re d isc re t et la 
r é p l i c a t i o n d e s s y s t è m e s i n s u l a i r e s p r é s e n t e n t d e s a v a n t a g e s p o u r r é a l i s e r d e te l l es 
a n a l y s e s . C o m m e p o u r les c o m m u n a u t é s o b s e r v é e s sur de v ra ies î les , la s t ruc tu re d e s 
p e u p l e m e n t s de po issons dans les pet i ts lacs forest ie rs est le résul tat de l ' immigrat ion et d e 
l ' ex t inc t ion . L ' i m p o r t a n c e re la t i ve de c e s p r o c e s s u s p e u t d é p e n d r e d e s c a r a c t é r i s t i q u e s 
d 'habi tat des lacs et des espèces p résen tes , a ins i q u e d u cad re rég iona l et h is tor ique d e s 
lacs é tud iés . D a n s une région donnée , la compos i t i on d e s peup lemen ts locaux de po issons 
peut ê t re rel iée à un e n s e m b l e part icul ier d e cond i t i ons d 'habi tat et, dans la m e s u r e où c e s 
fac teurs p e u v e n t ê t re liés à l ' immigrat ion et à l 'ext inct ion, il devra i t ê t re poss ib le d 'ana lyser 
les r e l a t i o n s p e u p l e m e n t - e n v i r o n n e m e n t p o u r e n d é d u i r e l ' i m p o r t a n c e re l a t i ve de c e s 
p r o c e s s u s d a n s la f o r m a t i o n d e p e u p l e m e n t s l o c a u x d a n s et e n t r e les r é g i o n s et les 
c o n t i n e n t s . N o u s a v o n s réa l isé d e s a n a l y s e s à la rge é c h e l l e d e s re la t ions p e u p l e m e n t -
e n v i r o n n e m e n t d e s p e t i t s l a c s f o r e s t i e r s d e q u a t r e r é g i o n s t e m p é r é e s d ' E u r o p e e t 
d ' A m é r i q u e d u N o r d ; l ' u t i l i s a t i o n d ' u n e s é r i e d ' a n a l y s e s c a n o n i q u e p a r t i e l l e d e s 
c o r r e s p o n d a n c e s n o u s a permis de d is t inguer la var ia t ion due aux re lat ions peup lemen ts -
e n v i r o n n e m e n t d 'un e n s e m b l e de fac teurs a s s o c i é s à l ' immigrat ion cont re l 'ext inct ion. Les 
iso lat ions p a s s é e s et p résen tes var ient se lon les lacs et les rég ions , c o m m e la compos i t i on 
et la r i c h e s s e d e s g r o u p e s r é g i o n a u x d ' e s p è c e s . N é a n m o i n s , p o u r les p e u p l e m e n t s d e 
po issons d e s pet i ts lacs forest iers d e S u è d e , d e F in lande , du W i s c o n s i n (USA) et d 'A lber ta 
( C a n a d a ) , 6 0 à 7 8 % d e la va r ia t i on es t e x p l i q u é e pa r les v a r i a b l e s l iées à l 'ex t inc t ion , 
i n d é p e n d e m m e n t d e s fac teurs liés à l ' immigrat ion ; 9 à 2 7 % de la var ia t ion restante sont 
exp l iqués par les d e u x c o m p o s a n t s . Dans les pet i ts lacs fores t ie rs , la sévér i té des cond i t ions 
ab io t i ques peu t l imi ter les e s p è c e s les m o i n s t o l é ran tes s'il n 'ex is te pas d e r e f u g e à c e s 
cond i t ions . Les in teract ions ent re espèces , qu i sont souven t in tenses et peuven t augmen te r 
la probabi l i té d 'ext inct ion locale (ou s 'opposer à la réuss i te d e la co lon isa t ion) , peuvent ne 
pas avoi r d 'act ion si les espèces devant po ten t ie l lement interagir p résen ten t une sensib i l i té 
di f férent ie l le aux r igueurs de l 'env i ronnement ou à d 'au t res fac teurs liés à l 'ext inct ion. N o s 
résul tats suggè ren t q u e , peut -ê t re parce que les taux d ' immigra t ion des pet i ts lacs forest iers 
ne son t p a s impor tan ts , les va r iab les d 'hab i ta t l iées à l 'ext inct ion son t les p lus f o r t emen t 
assoc iées aux d is t r ibut ions d e peup lemen ts p isc ico les obse rvés . 

H A B I T A T O N A B R O A D S C A L E : R E L A T I V E I M P O R T A N C E O F I M M I G R A T I O N A N D 
E X T I N C T I O N F O R S M A L L L A K E F I S H A S S E M B L A G E S . 

S U M M A R Y 

T w o p r o c e s s e s t h a t d é t e r m i n e c o m m u n i t y s t r u c t u r e in i n s u l a r h a b i t a t s a re t h e 
immig ra t i on of spec ies into a c o m m u n i t y and the ex t inc t ion of spec ies that w e r e p rev ious iy 
p r é s e n t . A l t h o u g h i m m i g r a t i o n a n d e x t i n c t i o n u s u a l l y o c c u r a t s c a l e s b e y o n d w h a t is 
poss ib l e to s tudy w i th p l a n n e d e x p e r i m e n t s , eco log i s t s c a n ga in u n d e r s t a n d i n g o f t hèse 
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p r o c e s s e s f r o m in ferences b a s e d on present -day d is t r ibut ions ; the iso lat ion, d i sc re teness 
a n d rep l i ca t i on of insu lar Systems of fer advan tages for mak ing such in fe rences . A s wi th 
c o m m u n i t i e s on t rue is lands , the s t ruc ture of f i sh assemb lages in smal l fo res t Iakes are the 
p r o d u c t s of immig ra t i on a n d ex t i nc t i on . The re lat ive impor tance of t hèse p r o c e s s e s can 
d é p e n d u p o n the h a b i t a t c h a r a c t e r i s t i c s of t he Iakes , c h a r a c t e r i s t i c s of t h e a v a i l a b l e 
s p e c i e s , a n d on the rég iona l a n d histor ic set t ing of the Iakes be ing s tud ied . Wi th in a g iven 
rég i on , t he compos i t i on of local f ish a s s e m b l a g e s can be re lated to spéci f ie sets of habi tat 
f ac to r s , a n d b e c a u s e t h è s e fac to rs can b e l inked to immigra t ion a n d ex t inc t ion , it shou ld be 
p o s s i b l e to ana l yze a s s e m b l a g e - e n v i r o n m e n t re lat ions to infer the re lat ive impo r tance of 
t h è s e p r o c e s s e s in shap ing local a s s e m b l a g e s wi th in and be tween rég ions a n d cont inen ts . 
W e h a v e c o n d u c t e d b r o a d - s c a l e ana lyses of a s s e m b l a g e - e n v i r o n m e n t re la t ions in smal l 
f o res t Iakes of four no r t h - t empe ra te rég ions of Europe a n d Nor th A m e r i c a ; us ing a sér ies of 
par t ia l c a n o n i c a l c o r r e s p o n d e n c e ana lyses , w e can appor t ion the var ia t ion in a s s e m b l a g e -
e n v i r o n m e n t r e l a t i o n s b e t w e e n s e t s of f a c t o r s a s s o c i a t e d w i t h i m m i g r a t i o n v e r s u s 
e x t i n c t i o n . P a s t a n d p r é s e n t i s o l a t i o n v a r i e s a m o n g Iakes a n d r é g i o n s , a s d o e s the 
c o m p o s i t i o n a n d r i chness of rég iona l spec ies poo ls . Never the less , for f i sh a s s e m b l a g e s in 
sma l l fo res t Iakes of S w e d e n , F in land , W iscons in (USA) and A lbe r ta (Canada ) , ex t inc t ion-
r e l a t e d v a r i a b l e s a c c o u n t e d f o r 6 0 - 7 8 % o f t h e e x p l a i n e d v a r i a t i o n , i n d e p e n d e n t of 
i m m i g r a t i o n fac tors ; ano the r 9 -27 % w a s sha red by the two c o m p o n e n t s . In sma l l fo res t 
Iakes , seve r i t y of t he abio t ic e n v i r o n m e n t c a n filter out into lérant spec ies un iess a refuge 
f r o m s u c h cond i t i ons is ava i l ab le . Spec ies in te rac t ions , wh i ch are o f ten in tense a n d can 
i n c r e a s e t h e p robab i l i t y of loca l ex t inc t ion (o r p r e v e n t s u c c e s s f u i c o l o n i z a t i o n ) , c a n b e 
c i r c u m v e n t e d if potent ia l ly in te rac t ing spec ies are di f ferent ia l ly sens i t i ve to env i ronmen ta l 
s e v e r i t y or o the r e x t i n c t i o n - r e l a t e d fac to rs . O u r resu l t s s u g g e s t tha t , p e r h a p s b e c a u s e 
i m m i g r a t i o n rates into sma l l fo res t Iakes are not h igh , ex t inc t ion- re la ted habi ta t va r iab les 
a r e m o s t s t rong ly assoc ia ted wi th t he obse rved pat terns of f ish a s s e m b l a g e s . 

I N T R O D U C T I O N 

Eco log is t s have long recogn ized and app rec ia ted that commun i t y - l eve l pat terns are 
not s ta t i c bu t d e v e l o p c o n t i n u o u s i y as a resu i t of pas t a n d p résen t d y n a m i c p r o c e s s e s 
( G L E A S O N , 1 9 2 6 ) . T w o p r o c e s s e s tha t resu i t in c o m m u n i t y c h a n g e t h r o u g h t i m e a n d 
c o m m u n i t y pat terns in s p a c e are immigrat ion of spec ies into a c o m m u n i t y a n d ext inct ion of 
s p e c i e s prev ious iy présent . For spec ies to b e c o m e and remain part of a commun i t y , (i) the 
c o m m u n i t y mus t be located w h e r e d ispers ing ind iv iduals are able to reach it, and (il) su i tab le 
hab i ta t (s ) m u s t be présent to a l low immigran ts to w i ths tand the biotic and abiot ic cond i t ions 
p résen t so tha t v iable popu la t ions can b e estab l ished and ma in ta ined . Howeve r , the spec ies 
ava i l ab le to co lon ize a local site a re the product of a sér ies of f i l ters act ing at m a n y di f férent 
spat ia l a n d tempora l sca les , w h i c h a l low only a port ion of the spec ies that might be ava i lab le 
to p a s s t h r o u g h ( S I M P S O N , 1953 ; H O L M E S , 1986 ; L O M O L I N O , 1986) . 

U n d e r s t a n d i n g w h y a g i v e n hab i ta t o r c o m m u n i t y is p r o n e t o o r i m m u n e f r o m 
i m m i g r a t i o n o r c o n t a i n s p o p u l a t i o n s sub jec t to loca l ex t i nc t i ons a re i m p o r t a n t g o a l s of 
c o m m u n i t y a n d landscape eco logy ( R O B I N S O N and D I C K E R S O N , 1984 ; M O U L T O N and 
P I M M , 1 9 8 6 ; W I E N S et al., 1 9 9 3 ) ; u n d e r s t a n d i n g the p r o c e s s e s of i m m i g r a t i o n a n d 
e x t i n c t i o n is a Iso i m p o r t a n t in t h e s t u d y of m e t a p o p u l a t i o n s a n d c o n s e r v a t i o n b i o l o g y 
( M O O N E Y a n d D R A K E , 1 9 8 6 ; H O L T , 1 9 9 2 ; T H O M A S , 1 9 9 4 ) . S t u d y i n g t h e fa te of 
i n v a s i o n s into natural c o m m u n i t i e s — w h y par t icu lar ones occu r red , w h y they s u c c e e d e d or 
fa i l ed — m a y s o m e t i m e s suf fer f r om imper fec t ions of expér imenta l des ign b e c a u s e such 
i n v a s i o n s usua l l y o c c u r a t s ca l es fa r b e y o n d wha t is poss ib le w i th p l a n n e d e x p e r i m e n t s . 
N e v e r t h e l e s s , b e c a u s e of t h e i m p o r t a n c e of t h è s e p r o c e s s e s , s t u d i e s f o c u s i n g o n 
i m m i g r a t i o n a n d local ex t inc t ion c a n provide impor tant d u e s into c o m m u n i t y o rgan iza t ion 
a n d t es t s of theore t ica l m o d e l s of c o m m u n i t i e s ( D I A M O N D and C A S E , 1986) . 

Desp i t e the fact that re lat ive ly f e w invas ions, both success fu i and fa i led , have been 
d o c u m e n t e d du r ing histor ic t i m e s , eco log is ts have been ab le to ga in unde rs tand ing f r om 
s t u d y i n g i n v a s i o n s t h a t h a v e n o t b e e n w i t n e s s e d bu t a r e i n f e r r e d f r o m p r e s e n t - d a y 
d i s t r i b u t i o n s of s p e c i e s a t a n u m b e r of s i tes w i th in an a r c h i p e l a g o ( W I L L I A M S , 1983 ; 
D I A M O N D a n d C A S E , 1986 ; R O U G H G A R D E N , 1986) . Immigra t ion a n d ext inc t ion can b e 
e s p e c i a l l y i m p o r t a n t for d e t e r m i n i n g r i c h n e s s a n d c o m p o s i t i o n of i nsu la r c o m m u n i t i e s 
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( M A C A R T H U R a n d W I L S O N , 1967 ; M A G N U S O N , 1976) . T h e iso lat ion, d i sc re teness , a n d 
rép l i ca t i on of t h è s e i s l a n d systenns o f fer w e l l - k n o w n a d v a n t a g e s fo r m a k i n g i n f e r e n c e s 
( D I A M O N D , 1986) . 

B e c a u s e i nsu la r c o m m u n i t i e s a r e s h a p e d by t h e p r o c e s s e s of i m m i g r a t i o n a n d 
e x t i n c t i o n , it is n o t s u r p r i s i n g t h a t i n t e r p r é t a t i o n s o f o n e g ê n e r a i p a t t e r n of i n s u l a r 
c o m m u n i t i e s , t h e s p e c i e s - a r e a re la t ion , f r e q u e n t l y re ly on i m m i g r a t i o n a n d / o r ex t inc t ion in 
o n e w a y or a n o t h e r (but see C O N N O R a n d M C C O Y , 1979 ; R A H E L , 1986 ) . Howeve r , 
a l t h o u g h a r e a m a y d i r ec t i y a f fec t t h e r a t e s of i m m i g r a t i o n a n d e x t i n c t i o n , it m a y a I so 
s i m p l y r e p r e s e n t a n i n d e x f o r o t h e r c h a r a c t e r i s t i c s t h a t a f f e c t t h è s e p r o c e s s e s 
( M C G U I N E S S , 1984) . 

B e c a u s e of th is , it can be diff icult to ident i fy a n d unde rs tand the re la t ive impor tance 
of i m m i g r a t i o n , s u c c e s s f u i c o l o n i z a t i o n a n d e x t i n c t i o n in d e t e r m i n i n g t h e r i c h n e s s a n d 
c o m p o s i t i o n of a n i s l and c o m m u n i t y s i m p l y f r o m a s p e c i e s - a r e a re l a t i on . H o w e v e r , a 
n u m b e r of o the r habi ta t charac te r i s t i cs af fect i s l and r i chness a n d c o m p o s i t i o n t h r o u g h thei r 
in f luence on immig ra t ion and ex t inc t ion . Iso lat ion f r o m a sou rce of immig ran ts m a y lower 
t h e p r o b a b i l i t y of i n v a s i o n ( M A C A R T H U R a n d W I L S O N , 1 9 6 7 ; D I A M O N D 1 9 7 2 ; 
R O B I N S O N and D I C K E R S O N , 1987) ; the r i chness a n d compos i t i on of t he rég iona l pool of 
p o t e n t i a l i m m i g r a n t s m a y s i m i l a r l y a f f e c t i n v a s i o n p r o b a b i l i t i e s ( C O R N E L L , 1 9 8 6 ) . A 
sys tem 's â g e a n d pos i t ion in the l andscape m a y a l ter the re lat ive impor tance of immigra t ion 
a n d e x t i n c t i o n , a n d t h u s a f fec t t h e p r e s e n t - d a y c o m m u n i t y s t r u c t u r e ( O S B O R N E a n d 
WILEY , 1 9 9 2 ; M C C O R M I C K a n d C A I R N S , 1 9 9 2 ; S A L E et al., 1994) . Hab i ta t d ivers i ty c a n 
affect the s u c c e s s of immig ran ts ( B R O R I N G , 1991) a n d hab i ta t sever i ty a n d t h e absence of 
r e f u g e s f r o m s t r e s s m a y i n c r e a s e e x t i n c t i o n r a t es fo r i n to lé ran t s p e c i e s ( L E V I N S a n d 
H E A T W O L E , 1 9 7 3 ; B U H L - M O R T E N S O N a n d H 0 I S A E T E R , 1 9 9 3 ) . F i n a l l y , b i o t i c 
i n t e r a c t i o n s w i t h t h e i s land 's r é s i d e n t s c a n a Iso i n f l u e n c e t h e c h a n c e tha t a n a r r i v ing 
i m m i g r a n t w i l l s u c c e s s f u l l y c o l o n i z e o r g o e x t i n c t ( L E V I N S a n d H E A T W O L E , 1973 ; 
M O U L T O N a n d P I M M , 1983 ; S I L V E R T O W N a n d W I L S O N , 1994) . 

T h e c o m p l e x i t y c r e a t e d b y a m u l t i p l i c i t y o f p o t e n t i a l f a c t o r s , t h e a b s e n c e o f 
expér imen ta l cont ro l , and p rob lems in fo rmu la t ing appropr ia te null hypo thèses and stat ist ical 
tes ts c a n c rea te di f f icul t ies for geog raph i ca l c o m m u n i t y eco log is ts . However , compara t i ve 
a p p r o a c h e s c o m b i n e d w i t h m u l t i v a r i a t e s t a t i s t i c a l a p p l i c a t i o n s ( t e r B R A A K , 1991 ; 
B O R C A R D et al., 1992 ; M A G N A N et al., 1995) c a n he lp ident i fy t he relat ive impor tance of 
di f férent env i ronmen ta l c o m p o n e n t s to commun i t y - l eve l pat terns in insular habi ta ts . 

L a k e s a r e i n s u l a r h a b i t a t s w i t h m a n y of t h e c h a r a c t e r i s t i c s of o c e a n i c i s l a n d s 
( M A G N U S O N , 1976 ; B R O W N E , 1981 ; E A D I E et al., 1986) . Both lakes and is lands a r e 
sma l l , i so la ted habi ta ts i m b e d d e d w i th in an inhosp i tab le matr ix . Bo th lakes a n d is lands a re 
y o u n g hab i t a t s w h e n c o m p a r e d w i t h c o n t i n e n t s a n d o c é a n s , e .g . , s m a l l f o res t lakes in 
g lac ia ted rég ions of t h e Holarc t ic a re < 12 ,000 y rs o l d . A s wi th i s land c o m m u n i t i e s , t h e 
c o m p o s i t i o n of f i sh a s s e m b l a g e s of sma l l fo res t l akes c a n be u n d e r s t o o d in t e r m s of a 
sér ies of f i l ters, opera t ing at a n u m b e r of spa t ia l a n d t e m p o r a l sca les , tha t dé te rm ine t h e 
c o m p o s i t i o n of t he ava i l ab le spec ies poo l a n d a f fec t ra tes of immig ra t i on a n d ex t inc t ion 
( T O N N , 1990) . S o m e smal l lakes a re iso la ted r e m n a n t s of la rge g lac ia l lakes a n d thus a r e 
a n a l o g o u s to l and -b r i dge is lands ( N O R D Q U I S T , 1903) ; fo r o ther lakes , c o l o n i z e d pos t -
g lac ia l ly v ia watenways , their deg ree of iso lat ion or g é o g r a p h i e pos i t ion m a y affect rates of 
i n v a s i o n of f i s h e s f r o m t h e r é g i o n a l o r d r a i n a g e - s y s t e m s p e c i e s p o o l s ( T O N N a n d 
M A G N U S O N , 1982 ; H I N C H et al., 1991 ; M A G N A N et al., 1995) . Spec ies -a rea re lat ions 
h a v e b e e n d o c u m e n t e d for a n u m b e r of lake s e t s ( e . g . , B R O W N E , 1 9 8 1 ; E A D I E a n d 
K E A S T , 1 9 8 4 ) , as h a v e r e l a t i o n s b e t w e e n s p e c i e s r i c h n e s s , h a b i t a t c o m p l e x i t y , a n d 
p roduc t i v i t y (e .g . , T O N N a n d M A G N U S O N , 1 9 8 2 ; B E N S O N a n d M A G N U S O N , 1992) . 
E n v i r o n m e n t a l sever i ty can be con t i nuous (e .g . , l ow pH) or ep isod ic ( low w in te r oxygen) 
and un iess re fuges are ava i lab le , s u c h cond i t i ons can inc rease ex t inc t ion rates b y f i l tering 
out in to lérant spec ies ( T O N N and M A G N U S O N , 1982 ; R A H E L a n d M A G N U S O N , 1983 ; 
R A S K , 1 9 8 7 ) . B e c a u s e of s m a l l p o p u l a t i o n s i z e s a n d r e d u c e d h a b i t a t h e t e r o g e n e i t y , 
s p e c i e s i n t e r a c t i o n s m a y b e i n t e n s e a n d a Iso l e a d to e x t i n c t i o n or p r e v e n t s u c c e s s f u i 
co lon iza t ion ( S V À R D S O N , 1976) . A l te rna t i ve l y the in tensi ty of biot ic in te rac t ions may b e 
r e d u c e d if, f o r e x a m p l e , p r e d a t o r s a re f i l t e r e d o u t of a System, p e r m i t t i n g s u c c e s s f u i 
co lon iza t ion by p rey ( R O B I N S O N a n d T O N N , 1989) . 
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B e c a u s e we can relate the compos i t i on of f ish assemb lages in sma l l forest Iakes to 
s p é c i f i e s e t s of e n v i r o n m e n t a l f a c t o r s , a n d b e c a u s e t h è s e f a c t o r s c a n b e l i n k e d to 
i m m i g r a t i o n a n d e x t i n c t i o n of s p e c i e s , it s h o u l d b e p o s s i b l e to a n a l y z e a s s e m b l a g e -
e n v i r o n m e n t r e l a t i o n s to a s s e s s t h e po ten t i a l i m p o r t a n c e of t h è s e p r o c e s s e s for f i sh 
a s s e m b l a g e s in the Iakes of a rég ion . In this s t u d y w e apply the app roach of par t ia l l ing out 
c o m p o n e n t s o f e c o l o g i c a l v a r i a t i o n in m u l t i v a r i a t e c o m m u n i t y - e n v i r o n m e n t d a t a 
( B O R C A R D et al., 1992) to da ta se ts comp i led f rom North A m e r i c a and nor thern Eu rope . 
T h e u s e of t hèse da ta sets , invo lv ing faunist ical ly-d ist inct rég ions, each w i th a n u m b e r of 
iden t i f i ab le a s s e m b l a g e t ypes , shou ld aIso a l low us to assess the robus tness and genera l i t y 
of o u r c o n c l u s i o n s . Spec i f i ca l l y , w e a d d r e s s e d t h e f o l l o w i n g q u e s t i o n s . (1) U s i n g f i sh 
a s s e m b l a g e - lake e n v i r o n m e n t re la t ions der ived f rom mul t i - lake su rveys , c a n we infer the 
re la t i ve impo r tance of immigra t ion a n d ext inct ion in de te rm in ing c o m m u n i t y s t ruc ture ? (2) 
H o w d o t h è s e p a t t e r n s v a r y b e t w e e n r é g i o n s a n d c o n t i n e n t s ? ( 3 ) A m o n g t h e 
c h a r a c t e r i s t i c s of a l a k e , w h a t is t h e r e l a t i v e i m p o r t a n c e of i ts g é o g r a p h i e s e t t i n g , 
m o r p h o m e t r y and w a t e r chemis t r y ? 

M E T H O D S 

D a t a S e t s 

W e comp i l ed da ta se ts of f ish a s s e m b l a g e s a n d env i ronmenta l charac ter is t i cs f rom 
Iakes in f ou r g lac ia ted n o r t h - t e m p e r a t e or bo réa l rég ions : S w e d e n , F i n l and , W i s c o n s i n 
( U S A ) a n d A lbe r ta ( C a n a d a ) (Table 1). 

S w e d e n . - S w e d i s h Iakes w e r e taken f r o m a la rge da ta set (1300 Iakes) c o m p i l e d 
f r o m d i f f é r e n t m o n i t o r i n g p r o g r a m s c o n d u c t e d o v e r t h e l a s t 2 0 y ( W . T O N N , L., 
G R E E N B E R G a n d C . P A S Z K O W S K I , unpublished data). S a m p l i n g w a s p r i m a r i l y 
c o n d u c t e d b y the S w e d i s h N a t i o n a l Board of F i s h e r i e s or by c o u n t y g o v e r n m e n t s . A 
s t a n d a r d i z e d g i l i ne t t i ng t e c h n i q u e , invo lv ing m u l t i - m e s h ben th i c g i l i ne ts ( N Y B E R G a n d 
D E G E R M A N , 1 9 8 8 ) , p r o v i d e d d a t a on the re l a t i ve a b u n d a n c e s (by b i o m a s s ) of e a c h 
s p e c i e s in e a c h lake. T h e n u m b e r of nets used w a s re lated to lake s ize (area and dep th ) , 
a n d r a n g e d b e t w e e n 4 a n d 9 0 ne ts . L imno log ica l da ta w e r e ob ta ined f r om the S w e d i s h 
E n v i r o n m e n t a l Pro tec t ion A g e n c y a n d f rom coun ty g o v e r n m e n t s . O the r env i ronmen ta l da ta 
w e r e o b t a i n e d f rom S M H I (1983) a n d f r o m topograph ie maps . 

In cons t ruc t i ng the da ta set for th is s tudy w e cons ide red on ly those Iakes for wh i ch 
w e h a d d a t a o n w a t e r s h e d a r e a ( N = 4 1 8 ) , a s th i s is an i m p o r t a n t v a r i a b l e r e l a t e d to 
i m m i g r a t i o n at the local sca le ( T O N N a n d M A G N U S O N , 1982) . F rom thèse 4 1 8 Iakes, a 
d a t a s e t of 1 0 0 I a k e s w a s c o n s t r u c t e d (Tab le 1) by f i rs t e x a m i n i n g t h e n o r t h - s o u t h 
d is t r ibu t ion of Iakes, in 100 -km uni ts (as de te rmined f rom the X-coord ina te of t he Iakes on 
t h e "gr id of S w e d e n " ; S M H I , 1983) . A s t ra t i f ied- random sé lec t ion p rocédu re w a s then u s e d 
t o m a x i m a l l y s p r e a d t h e d i s t r i bu t i on of 100 Iakes a m o n g t h è s e 1 0 0 - k m la t i tud ina l un i ts 
(w i th in t h e cons t ra in ts i m p o s e d by the d is t r ibut ion of the or ig inal 4 1 8 Iakes) . T h e resul t ing 
1 0 0 Iakes c o n t a i n e d a to ta l of 2 3 f i sh spec ies ; f o l l ow ing s t a n d a r d c o m m u n i t y ana l ys i s 
p r o c é d u r e s ( G A U C H , 1982) , s ix rare spec ies w e r e omi t ted f rom ana lyses . 

F in land . - Fish assemb lage data for 113 Iakes in southern and central F in land (60-67° N), 
cons is t ing of t he relative abundances of 20 species, were obta ined f rom T O N N et ai. (1990). 
E l e v e n r a r e s p e c i e s , o c c u r r i n g in f i v e or f e w e r I a k e s , w e r e o m i t t e d f r o m a n a l y s e s . 
E n v i r o n m e n t a l da ta for thèse Iakes, wh i ch were fairly smal l but chemica l ly he te rogeneous 
(Table 1), w e r e obta ined f rom the original sources of the f ish data or f rom topographie maps 
( s e e T O N N et al., 1990). 

W i s c o n s i n . - T O N N et al. (1990) aIso p rov ided da ta on f ish a s s e m b l a g e compos i t i on 
( p r é s e n c e - a b s e n c e ) and env i r onmen ta l character is t ics for 51 Iakes in nor thern W iscons in 
( 4 5 - 4 6 ° N ) . E leven rare spec ies (out of 23) were omi t ted prior to ana lyses . W i s c o n s i n Iakes 
w e r e a I so s m a l l but l imno log i ca l l y v a r i e d (Table 1). Add i t i ona l e n v i r o n m e n t a l da ta w e r e 
o b t a i n e d f r o m topograph ie m a p s (J . M A G N U S O N and W. T O N N , unpublistied data). 

A l b e r t a . - F i s h s p e c i e s c o m p o s i t i o n ( p r é s e n c e - a b s e n c e ) a n d e n v i r o n m e n t a l 
cha rac te r i s t i c s have recent ly b e e n co l lec ted for 3 3 Iakes in nor th-cent ra l A lbe r ta (54-55° N ; 
C . P A S Z K O W S K I , W. T O N N a n d R. V A N D E N B O S , unpublished data). F ish w e r e s a m p l e d 
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Tableau I : M é d i a n e s e t d o m a i n e d e v a r i a t i o n d e s v a r i a b l e s e n v i r o n n e m e n t a l e s 
u t i l i s é e s d a n s l e s a n a l y s e s m u l t i v a r i é e s e t r é s u m é d e s r i c l i e s s e s 
s p é c i f i q u e s e n p o i s s o n s p o u r l e s q u a t r e r é g i o n s . L e s v a r i a b l e s 
e n v i r o n n e m e n t a l e s s o n t r e g r o u p é e s s u r la b a s e d e s p r o c e s s u s 
d ' immigrat ion ou d'ext inct ion a u x q u e l s el les contr ibuent . 

Tab le I : M é d i a n s a n d r a n g e s f o r e n v i r o n m e n t a l v a r i a b l e s u s e d in m u l t i v a r i a t e 
a n a l y s e s a n d a s u m m a r y of f i sh s p e c i e s r i c h n e s s for the f o u r r é g i o n s . 
E n v i r o n m e n t a l var iab les a re g r o u p e d b a s e d o n the p r o c e s s , immigra t ion 
or ex t inc t ion , w h i c h they c o n t r i b u t e t o w a r d s . 

Swed«n Finland Wisconsin Alberta 

Inlet (proportion)' 
Vertical {mf 

Horizontal (km)̂  

Watershed (ton^ 

Distarice-iarge (km)* 

DistarKe-medium (km)* 

Distance-smal! (km)̂  

Geography 

Latitude ("N) 

Longitude (") 

Altitude (m) 

Morphometry 
fvtea (ha) 

Maximum depth (m) 

Water Chemistry 

Conductivity (nS/cm) 

pH 

Color (mg Pt/I) 

Alkallnity (meq/l) 

Phosphorus (ng/1) 

Total # species 
# species used 
X Species richness 

Immigration 

3.0 
(0-123) 
0.5 
(0-43.2) 
21.4 
(0.1-3323) 

6519^ 
(6158-7226) 
144/ 
(1257-1690) 
142 
(4-500) 

99.0 
(4.0-4440) 
15.0 
(1.6-54.0) 

0.64 
9.4 
(0-116) 
0.8 
(0-48.0) 

0.26 
3.7 
(0-23.1) 
1.5 
(0-51.6) 

0.57 

Extinction 

62.1 
(60.1-67.8) 
25.8 E 
(22.7-31.0) 
131 
(2-260) 

46.1 
(45.7-46.2) 
89.6 W 
(88.9-90.1) 
501 
(475-532) 

6.8 
(0.2-64.0) 
8.5 
(1.5-27.0) 

6.0 
(0.2-86.9) 
4.9 
(1.2-10.0) 

13.4 
(3.6-31.1) 
3.6 
(1.4-17.9) 
2.0 
(0.7-3.4) 

54.6 
(54.2-55.0) 
113.5 W 
(112.5-113.8) 
710 
(611-751) 

71.0 
(2.7-305) 
4.3 
(1.0-36.0) 

6 25 15 268 
(2-51) (2-26) (8-145) (80-535) 
6.4 6.3 5.9 8.4 
(4.3-8.6) (4.3-7.5) (4.3-8.0) (6.4-9.6) 
45 35 . . . 30 
(10-450) (5-366) (0-160) 
92 — 13 — 
(0-4150) (0-309) 

Species Rictiness 

48 
(11-500) 

23 20 23 8 
17 9 15 7 
5.2 3.7 4.4 2.2 
(1-9) (1-10) (1-11) (1-5) 

'Inlet présent = 1, absent = 0 , Vertical distance to next lake downstream, ^Horizontal distance to 
nearest lake, 'Horizontal distance to nearest lake > 2.7 ha, 'Horizontal distance to nearest lake > 71 ha, 
^Horizontal distance to nearest lake > 305 ha, 'X coordinate in Swedish grid System, = km to equator. 
°Y coordinate in Swedish grid System, = km to Greenwich 0 meridian. 
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w i th m u l t i - m e s h gil l ne ts , m i n n o w t raps and sma l l fyke nets . Env i ronmenta l charac ter is t i cs 
w e r e m e a s u r e d wi th a Hyd ro lab Surveyor II mu l t i p robe , de te rm ined f rom wate r s a m p l e s 
c o l l e c t e d f r om just be low the su r face or ob ta ined f rom topograph ie m a p s . A lber ta 's rég iona l 
f i sh f a u n a is d e p a u p e r a t e ( N E L S O N a n d PAETZ, 1992) ; of the eight spec ies e n c o u n t e r e d , 
o n e w a s c o n s i d e r e d ra re a n d o m i t t e d f rom a n a l y s e s . In con t ras t to the o the r r é g i o n s , 
A l b e r t a I akes are p r ima r i l y w e l l - b u f f e r e d , b a s i c a n d nu t r i en t - r i ch , bu t b e c a u s e s u r f a c e 
d r a i n a g e is p o o r l y d e v e l o p e d , t h e y a re f r e q u e n t l y s u b j e c t to " w i n t e r k i l l " c o n d i t i o n s , 
espec ia l l y in iso lated Systems. 

A n a l y s e s 

Fish d a t a for F in land a n d S w e d e n were t rans fo rmed f r om relat ive a b u n d a n c e to the 
o c t a v e sca le of G A U C H (1982) . Env i ronmenta l da ta w e r e l og iQ - t rans fo rmed , excep t for p H 
a n d the p r é s e n c e / a b s e n c e of an inlet or out let s t r eam. In the few cases w h e r e ind iv idual 
Iakes l a c k e d a m e a s u r e m e n t for a part icular env i ronmenta l factor, the m e a n va lue for the 
da ta set w a s used . 

To ident i fy overa l l pa t terns in f ish assemb lage compos i t ion , and the re lat ionships of 
t h è s e p a t t e r n s to t h e e n v i r o n m e n t a l v a r i a b l e s , w e a p p l i e d the c o n s t r a i n e d o r d i n a t i o n 
t e c h n i q u e of canon ica l c o r r e s p o n d e n c e ana lyses (CCA ; ter B R A A K , 1991) to each da ta set 
; w e f irst used ail env i ronmen ta l var iab les avai lable for a part icular data set, a n d then used 
f o r w a r d - s e l e c t i o n of e n v i r o n m e n t a l va r iab les , to rank va r iab les b a s e d o n the a m o u n t of 
va r ia t i on they exp la ined for the f ish assemb lage data. 

To a s s e s s the potent ia l impo r tance of immigra t ion and ext inct ion in cont r ibu t ing to 
t h è s e c o m m u n i t y p a t t e r n s , w e pa r t i t i oned t h e v a r i a t i o n in the f i sh d a t a t ha t c o u l d b e 
e x p l a i n e d by i n d e p e n d e n t e n v i r o n m e n t a l c o m p o n e n t s (and thei r ove r lap ) by a p p l y i n g a 
sé r i es of par t ia l C C A s to e a c h da ta set ( B O R C A R D et al., 1992) . Env i ronmen ta l va r iab les 
w e r e c l ass i f i ed as be ing re la ted to immig ra t i on ( fac tors assoc ia ted w i th the iso la t ion or 
c o n n e c t e d n e s s of ind iv idua l Iakes ; Table 1) or to ext inc t ion, i.e., geograph ica l (c l imat ic) a n d 
hab i t a t f a c t o r s ( m o r p h o m e t r y a n d w a t e r chemis t r y ) a s s o c i a t e d w i th the p robab i l i t y of a 
c o l o n i z i n g spec ies es tab l i sh ing a n d ma in ta in ing a v iab le popu la t i on in a lake (Table 1). 
B e c a u s e o u r da ta s e t s c o n t a i n e d m o r e ex t inc t ion t h a n i m m i g r a t i o n v a r i a b l e s , w e a Iso 
e m p l o y e d t h e B O R C A R D et al. ( 1992 ) p rocédu re of us ing on ly the f i rst n c o m p o n e n t s 
( w h e r e n = the n u m b e r of immig ra t i on factors) f rom pr inc ipal c o m p o n e n t s ana lyses (RCA) 
of t h e I a k e s - b y - e x t i n c t i o n - f a c t o r s d a t a ma t r i ces . In a d d i t i o n , w e p e r f o r m e d a s é r i e s of 
a n a l y s e s tha t used equa l n u m b e r s of immigra t ion a n d ext inc t ion vahab les , w i th the lat ter 
c h o s e n by t h e fonward sé lec t ion p r o c é d u r e of t he C A N O C O p rog ram (ter B R A A K , 1991) . 

R E S U L T S 

G e n e r a l c o m m u n i t y - l e v e l p a t t e r n s 

O v e r a l l p a t t e r n s , i n c l u d i n g t h o s e a s s o c i a t e d w i t h t h e r e l a t i v e i m p o r t a n c e of 
i m m i g r a t i o n a n d ex t inc t ion , w e r e s imi lar for ail four da ta sets ; th is s imi lar i ty held regard iess 
of w h e t h e r w e used ail ex t inc t ion- re la ted var iab les, the first n c o m p o n e n t s of a lakes-by -
e x t i n c t i o n P C A , or t h e f o r w a r d s é l e c t i o n p r o c é d u r e to c h o o s e ex t i nc t i on v a r i a b l e s . For 
s impl ic i ty , w e report be low on ly resul ts f rom ana lyses us ing ail var iab les . 

S w e d e n . - C a n o n i c a l c o r r e s p o n d e n c e a n a l y s i s a c c o u n t e d for 34 % of t h e va r i a t i on 
in t h e S w e d i s h f ish a s s e m b l a g e s . W i t h i n t h e C C A o r d i n a t i o n , m o s t f i sh a s s e m b l a g e s 
w e r e a l i g n e d a l ong a cen t ra l c o n t i n u u m , with a sma l l set of Iakes t ra i l ing off to t h e u p p e r 
r i g h t - h a n d c o r n e r (F ig . 1). C r u c i a n c a r p (a long w i th rudd a n d t e n c h ; see Appendixior a 
l is t o f c o m m o n a n d s c i e n t i f i c n a m e s , and a b b r e v i a t i o n s used ) w e r e c h a r a c t e r i s t i c of 
a s s e m b l a g e s a t o n e e n d of t h e c o n t i n u u m ; c r u c i a n I akes w e r e s m a l l , s h a l l o w a n d 
i s o l a t e d ( p o s i t i v e l y c o r r e l a t e d w i t h h o r i z o n t a l a n d v e r t i c a l d i s t a n c e s t o t h e n e x t 
d o w n s t r e a m lake) , a n d a Iso h a d h igh va lues for a lka l in i ty a n d conduct iv i ty . Z a n d e r a n d 
b l e a k c h a r a c t e r i z e d Iakes at t he o t h e r e n d of t h e c o n t i n u u m ; a co re g roup cons i s t i ng of 
p e r c h , p i k e , roach a n d ruffe c h a r a c t e r i z e d Iakes in t h e c o n t i n u u m ' s m idd ie . A f e w d e e p e r 
I a k e s a t h i g h e r a l t i t udes a n d l a t i t udes ( S w e d i s h X - c o o r d i n a t e ) w e r e c h a r a c t e r i z e d by 
b r o w n t rou t a n d Arc t ic charr . 
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Figure 1 : A n a l y s e c a n o n i q u e d e s c o r r e s p o n d a n c e s t r i p l o t ( C C A ) d e s v a r i a b l e s 
e n v i r o n n e m e n t a l e s e t d e s e s p è c e s d e p o i s s o n s e n r e l a t i o n a v e c l e s 
p e u p l e m e n t s d e p o i s s o n s d e six rég ions . Les var iab les e n v i r o n n e m e n t a l e s 
s o n t r e p r é s e n t é e s par d e s f l è c h e s o u d e s a s t é r i s q u e s ( p r é s e n c e / a b s e n c e 
d 'af f luents) ; les posi t ions d e s p e u p l e m e n t s d e p o i s s o n s sont f igurées par 
les po in ts noirs ; les pos i t ions d e s e s p è c e s sont f igurées par d e u x lettres 
i ta l iques e n c a r a c t è r e s gras . L e s c o d e s d e s a b r é v i a t i o n s s o n t d o n n é s e n 
a p p e n d i c e . 

F igure 1 : C a n o n i c a l c o r r e s p o n d e n c e a n a l y s i s ( C C A ) t r i p l o t s o f e n v i r o n m e n t a l 
va r iab les a n d f ish spec ies in re lat ion to smal l lake f ish a s s e m b l a g e s in six 
r é g i o n s . E n v i r o n m e n t a l v a r i a b l e s a re r e p r e s e n t e d by a r r o w s (quant i ta t ive 
v a r i a b l e s ) or c e n t r o i d s ( p r é s e n c e / a b s e n c e of in le ts ) ; f i l l ed c i r c l e s g i v e 
pos i t ions of the f ish a s s e m b l a g e s ; s p e c i e s po in ts a re represen ted b y pairs 
of bo ld - faced , i tal icized let ters. S e e A p p e n d i x for a key to abbrev ia t ions . 

F i n l a n d . - P a t t e r n s of f i sh a s s e m b l a g e c o m p o s i t i o n a n d a s s e m b l a g e - e n v i r o n m e n t 
re la t i ons w e r e d e s c r i b e d p rev ious i y us ing p r i nc ipa l c o m p o n e n t s a n a l y s i s ( T O N N et ai, 
1990 ) . C o n s i s t e n t w i th tha t ana l ys i s a n d s o m e w h a t s im i l a r to t h e pa t t e rns o b s e r v e d in 
S w e d e n , the C C A a l i gned mos t F inn ish f ish a s s e m b l a g e s a l ong a t ight , cen t ra l l y - loca ted 
c o n t i n u u m ( F i g . 1) ; a s s e m b l a g e s d o m i n a t e d b y p e r c h w e r e l o c a t e d at t he t o p of t h e 
c o n t i n u u m , w i th lakes d o m i n a t e d by roach , p ike , b r e a m a n d o ther spec ies l oca ted be low 
ax is I (F ig . 1). P e r c h - d o m i n a t e d a s s e m b l a g e s o c c u r r e d in lakes that w e r e mo re acid ic, h a d 
lower conduc t i v i t i es , but we re m o r e iso la ted ( ind ica ted by g rea te r ver t ica l d i s t ances to t h e 
ad jacen t d o w n s t r e a m lake and the gênera i lack of in lets) t han lakes d o m i n a t e d b y roach 
(F ig . 1). A Iso s imi lar to the S w e d i s h a s s e m b l a g e s w a s a g roup of sma l l , sha l low s e e p a g e 
lakes d o m i n a t e d by c ruc ian carp . Overa l l , t he C C A e x p l a i n e d 26 % of the var ia t ion in t h e 
spec ies d is t r ibu t ion pa t te rns . 
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W i s c o n s i n . - T O N N et al. (1990) had ident i f ied th ree broad t ypes of f ish assennblages, 
w h i c h c o u l d a Iso b e d is t i ngu ished in the présent ana lys is (Fig. 1) ; beg inn ing in the upper 
r i gh t -hand co rne r a n d ex tend ing d o w n toward the or ig in were lakes d o m i n a t e d by severa l 
s m a l l - b o d i e d spec ies : nor thern redbel ly dace , b rook s t ick leback, cent ra l m u d m i n n o w and 
g o l d e n sh iner . S imi lar to t h e c ruc ian ca rp lakes of S w e d e n and F in land , th is g roup of lakes 
t e n d e d to b e smal l , sha l low a n d iso la ted . In t h e lower-cent ra l rég ion of t he ord ina t ion plot 
w e r e l akes c e n t e r e d on l a r g e m o u t h bass , bluegil l and ye l low bu l lhead . T h è s e w e r e deepe r 
l akes w i t h low conduct iv i ty . Final ly, a g roup of a s s e m b l a g e s charac te r i zed by nor thern p ike , 
p u m p k i n s e e d and w h i t e sucke r w e r e located in the upper left quadran t . In cont ras t w i th the 
s m a l l - b o d i e d a s s e m b l a g e s , t h è s e w e r e loca ted in larger, m o r e a lka l ine , d r a i n a g e lakes . 
O v e r a l l , t h e C C A exp la ined 38 % of t he var iat ion in the da ta set. 

A l b e r t a . - Fish a s s e m b l a g e s in Alber ta c a n be d iv ided into two or th ree ma jo r g roups 
(F ig . 1). A t ight c luster of lakes are charac te r i zed by the p résence of f a thead m i n n o w and /o r 
b r o o k s t i ck leback . S im i la r to the lakes conta in ing the sma l l - bod ied spec ies in W i s c o n s i n 
( a n d c r u c i a n carp in n o r t h e r n E u r o p e ) , t hèse lakes a re sma l l , sha l l ow a n d i so la ted (no 
in le ts , l ong d i s tances to nea rby m é d i u m and large lakes ; see Table 1). A s e c o n d , m o r e 
d i f fuse g r o u p of lakes, wh i ch can be subd iv ided in two , is assoc ia ted wi th the p r é s e n c e of 
n o r t h e r n p i k e a n d y e l l o w p e r c h . O n e s u b d i v i s i o n of p i k e / p e r c h a s s e m b l a g e s is 
c h a r a c t e r i z e d by t h e p r é s e n c e of w h i t e sucker . D e s p i t e c o m i n g f r o m a g e o g r a p h i c a l l y 
l i m i t e d s t u d y a r e a , a s s e m b l a g e c o m p o s i t i o n w i t h i n th i s c l us te r of l a k e s w a s s t r o n g l y 
c o r r e l a t e d w i th la t i tude, as we l l as w i th p H , m a x i m u m dep th a n d sur face a rea . La rge , d e e p , 
bu t re la t ive ly c lear -water lakes suppo r t ed a s e c o n d subd iv is ion of p ike /perch a s s e m b l a g e s 
d i s t i n g u i s h e d b y t h e p r é s e n c e of spo t ta i l s h i n e r a n d l o w a da r t e r . O v e r a l l , t h e C C A 
a c c o u n t e d for 5 9 % of the var ia t ion in t h e fish a s s e m b l a g e pat terns. 

Par t ia l l ing ou t t h e var ia t ion : relative i m p o r t a n c e of immigra t ion , ex t inc t ion a n d 
hab i ta t 

T h e to ta l a m o u n t of exp la i ned var iat ion (as a pe rcen tage of t he tota l var ia t ion of t he 
s p e c i e s mat r i ces ) r anged f r om 25 .9 % (Fin land) to 59.3 % (Alber ta ; F ig . 2) . Th i s is w i th in 
t h e r a n g e of m a n y c o m m u n i t y - l e v e l da ta sets (e.g. , B O R C A R D et al., 1992) . T h e h igher 
a m o u n t of exp la i ned var ia t ion in A lbe r ta is l ikely a c o n s é q u e n c e of it be ing a s imp le r da ta 
se t ( f e w e r spec ies , p r é s e n c e - a b s e n c e data) t h a n the o thers , and the c lear sépa ra t i on of 
f i s h a s s e m b l a g e s i n t o g r o u p s t h a t w e r e s t r o n g l y a s s o c i a t e d w i t h t h e m e a s u r e d 
e n v i r o n m e n t a l fac tors . A l t hough the amoun t o f exp la ined var ia t ion w a s lower in t he o ther 
d a t a se t s , c lear, in terprétab le spec ies -env i ronmen t re lat ions w e r e apparen t . 

F o r a i l f ou r d a t a s e t s , e x t i n c t i o n - r e l a t e d f a c t o r s a c c o u n t e d fo r a m a j o r i t y of t h e 
exp la i ned var iat ion. Indeed , there w a s a remarkable uni formity (84-88 %) in the propor t ion of 
e x p l a i n e d var ia t ion at t r ibutable to ext inct ion factors, either independent of or over lapp ing wi th 
immig ra t i on factors. Di f férences d id exist amongs t the da ta sets in the relat ive propor t ion of 
e x p l a i n e d var ia t ion tha t w a s a t t r ibu tab le to immigra t ion- re la ted var iab les , espec ia l l y in the 
p ropor t i on tha t over lapped wi th ext inct ion (Fig. 2). Here, t he da ta sets f o rmed three g roups : 
W i s c o n s i n a n d A lber ta both had relat ively large amoun ts of exp la ined var ia t ion assoc ia ted 
w i th the immigra t ion c o m p o n e n t (38-39 % ) , F in land had an in termediate propor t ion (30 % ) , 
w h e r e a s S w e d e n h a d a s m a l l e r a m o u n t ( 2 2 % ) . T h e l a t t e r d a t a se t w a s t h e m o s t 
g e o g r a p h i c a l l y d i ve rse se t of lakes a n d ex t inc t ion va r i ab les a s s o c i a t e d w i th g e o g r a p h y , 
espec ia l l y t he lat i tudinal X-coord inate , we re strongly assoc ia ted with the first canon ica l ax is 
( F i g . 1) ; t h i s l ikely m i n i m i z e d t h e re la t i ve i m p o r t a n c e of i m m i g r a t i o n - r e l a t e d f ac to r s . In 
W i s c o n s i n , A l b e r t a a n d F i n l a n d , m o r p h o m e t r y a n d w a t e r c h e m i s t r y w e r e i m p o r t a n t as 
ex t i nc t i on fac to rs (see be low) . However , smal l , sha l low lakes are aIso of ten more iso la ted 
t h a n la rger l akes , a n d lakes w i th h igh va lues of a lka l ln i ty or conduc t i v i t y a re o f ten la rge 
d ra i nage lakes. Thus , there are d o s e r l imnological l inkages of ext inct ion- and immigra t ion-
r e l a t e d f a c t o r s tha t c a n c o n t r i b u t e t o g rea te r p r o p o r t i o n s of e x p l a i n e d v a r i a t i o n b e i n g 
assoc ia ted wi th both k inds of fac tors in thèse three data sets (Fig. 2). 

T o g a i n f u r t h e r i n s i g h t s i n t o t h e p o t e n t i a l i m p o r t a n c e of e x t i n c t i o n - r e l a t e d 
p r o c e s s e s to t h e s t r u c t u r e of f i sh a s s e m b l a g e s , w e d e c o m p o s e d t h e h e t e r o g e n o u s se t 
of e x t i n c t i o n - r e l a t e d v a r i a b l e s in to m o r e d i sc rè te s u b s e t s , a s s o c i a t e d w i t h g e o g r a p h y 
a n d t h e h a b i t a t - r e l a t e d f a c t o r s of l ake m o r p h o m e t r y a n d w a t e r chemis t ry . To qua l i t a t i ve l y 
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Figure 2 : Pourcentage de variation expliquée de la composition des peuplements de 
poissons de petits lacs forestiers de quatre régions, dérivé d'une série de 
CCA partielles (analyse canonique des correspondances), qui peut être 
a t t r i b u é e aux va r iab les e n v i r o n n e m e n t a l e s p r i n c i p a l e m e n t liées à 
l'extinction, à l'immigration et à la fois aux deux variables. Pour la nature 
de ces variables, voir le Tableau I. 

Figure 2 : The percentage of the expla ined variat ion in the composi t ion of f ish 
assemblages in small forest lakes of four regions, derived from series of 
par t ia l C C A s (can o n ica l c o r r e s p o n d e n c e a n a l y s e s ) , that could be 
attributed to environmental variables linked principally to extinction, linked 
principally to immigration, and variation linked to both immigration and 
extinction variables. For the identity of these variables, see Table I. 

a s s e s s t h e re la t i ve i m p o r t a n c e of t h e s e s u b s e t s , a l o n g w i t h i m m i g r a t i o n v a r i a b l e s , to t h e 
c o m m u n i t y p a t t e r n s , w e a p p l i e d C C A u s i n g t h e f o r w a r d - s e l e c t i o n p r o c e d u r e o f 
C A N O C O ( te r B R A A K , 1 9 9 1 ) , f r o m w h i c h w e e s t a b l i s h e d a r a n k i n g o f i n d i v i d u a l 
v a r i a b l e s . M e a n r a n k s of t h e t o p t w o v a r i a b l e s w i t h i n e a c h of t h e t h r e e e x t i n c t i o n 
s u b s e t s , p l u s i m m i g r a t i o n , w e r e s u b s e q u e n t l y c o m p u t e d . 

Cons i s ten t w i th the p rev ious a n a l y s e s , immig ra t i on fac tors w e r e not h igh ly ranked in 
any of the da ta sets (F ig . 3). In cont ras t , e a c h of t he th ree ex t inc t ion- re la ted subsets w a s 
r a n k e d h igh ly in t w o da ta se ts , w i th t he par t icu lar pa t te rn of rank ing va ry i ng b e t w e e n Nor th 
A m e r i c a and nor thern Eu rope and b e t w e e n F in land a n d S w e d e n . M o r p h o m e t r y (area a n d 
dep th ) w a s highly ranked in bo th W i s c o n s i n a n d A lbe r ta ; a ma jo r pa t te rn in t hese two Nor th 
A m e r i c a n reg ions w a s t h e p r e s e n c e of a s s e m b l a g e s c h a r a c t e r i z e d by the p r e s e n c e of 
sma l l - bod ied f i shes a n d the a b s e n c e of p i sc i vo res . In bo th reg ions , t h e pe rs i s t ence of t h e s e 
s m a l l - b o d i e d a s s e m b l a g e s d e p e n d s o n t h e d e v e l o p m e n t of hypox i c w in te r cond i t i ons in 
t h e s e sma l l s h a l l o w lakes , b e c a u s e h y o x i a ac ts as a hab i ta t f i l ter that e l im ina tes la rge-
b o d i e d p i s c i v o r e s ( T O N N a n d M A G N U S O N , 1 9 8 2 ; R O B I N S O N a n d T O N N , 1 9 8 9 ) . 
C h e m i s t r y w a s a l so impor tan t in W i s c o n s i n , p r imar i l y s e p a r a t i n g t w o a s s e m b l a g e t y p e s 
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F i g u r e s : R a n g m o y e n d e t r o i s g r o u p e s d e v a r i a b l e s d é p e n d a n t d e l ' e x t i n c t i o n 
( g é o g r a p h i e , m o r p h o m é t r i e et p h y s i c o - c h i m i e ) et d 'un g r o u p e d e v a r i a b l e s 
d é p e n d a n t d e l ' immigra t ion (voir T a b l e a u I), se lon l 'ordre d a n s leque l i ls 
r e n t r e n t d a n s u n e s é l e c t i o n a s c e n d a n t e d e s C C A r é a l i s é e s s u r l e s 
p e u p l e m e n t s d e p o i s s o n s d e s pet i ts lacs forest ie rs d e qua t re r é g i o n s . 

F i g u r e s : M e a n r a n k s o f t h r e e s e t s of e x t i n c t i o n - r e l a t e d v a r i a b l e s ( g e o g r a p h y , 
m o r p h o m e t r y , a n d c h e m i s t r y ) and o n e set of immigra t ion - re la ted va r iab les 
( s e e Tab le I ) , in t e r m s of t h e order in w h i c h t h e y e n t e r e d f o r w a r d s é l e c t i o n 
C C A s of f i sh a s s e m b l a g e s in smal l forest Iakes of four rég ions . 

c h a r a c t e r i z e d by d i f f é ren t p i s c i v o r o u s s p e c i e s . A s s e m b l a g e s w i t h n o r t h e r n p i ke w e r e 
f o u n d in l a r g e r d r a i n a g e I akes h a v i n g high v a l u e s of p H , a l ka l i n i t y a n d c o n d u c t i v i t y , 
w h e r e a s a s s e m b l a g e s w i t h l a r g e m o u t h b a s s t e n d e d t o o c c u r in s m a l l ( b u t d e e p ) 
d y s t r o p h i c b o g I a k e s ( F i g . 2 ; T O N N and M A G N U S O N , 1 9 8 2 ) . T h e i m p o r t a n c e of 
g e o g r a p h y in A lbe r ta w a s su rp r i s i ng , as the g é o g r a p h i e range c o v e r e d by the s tudy Iakes 
w a s no t l a rge . A c r o s s t h e g é o g r a p h i e areas c o v e r e d by the da ta sets f r om F in land a n d 
S w e d e n , g e o g r a p h y re f lec ts c l ima te . However , in A t h a b a s c a C o u n t y A lbe r ta , g e o g r a p h y 
r e p r e s e n t s g l a e i a l l y - d e r i v e d d i f f é r e n c e s in s o i l t y p e s a n d I a k e s , w i t h s a n d y a r e a s 
c o n c e n t r a t e d in the nor th a n d sma l l "pra i r ie po tho le " p o n d s loca ted most ly in t h e sou th (C. 
P A S Z K O W S K I , W. T O N N a n d R. V A N D E N B O S , personal observations). 

L ike W i s c o n s i n , w a t e r c h e m i s t r y (speci f ical ly, p H a n d co lor) w a s the h ighes t rank ing 
s u b s e t o f h a b i t a t f a c t o r s in F i n l a n d ( F i g . 3 ) . T h è s e v a r i a b l e s w e r e r e l a t e d t o t h e 
p e r c h / r o a c h c o n t i n u u m a n d rep resen t , in part, a s e v e r e - e n v i r o n m e n t filter, b e c a u s e low pH 
res t r i e t s t h e p r é s e n c e a n d a b u n d a n c e of roach ( J O H A N S S O N a n d M I L B R I N K , 1 9 7 6 ) . 
A l t h o u g h m o r p h o m e t r y as a s u b s e t r a n k e d l o w in F i n l a n d , s u r f a c e a r e a w a s h i g h i y 
s i gn i f i can t , a s s h o w n by t h e M o n t e C a r l o pe rmu ta t i on tes t in C A N O C O . T h e s imi lar i ty in 
f i s h a s s e m b l a g e - l a k e e n v i r o n m e n t re la t ions b e t w e e n W i s c o n s i n and F i n l a n d is f u r t he r 
d i s c u s s e d by T O N N et al. ( 1990 ) . 
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A s e x p e c t e d , géograph ie fac tors , espec ia l l y t he c l imat ica l ly re la ted X -coo rd i na te and 
a l t i t ude , w e r e r a n k e d h igh iy in t he S w e d i s h da ta se t that e x t e n d e d a c r o s s mos t of the 
count ry , f r om the t e m p e r a t e - z o n e of s o u t h e r n m o s t S w e d e n to the nor thern boréa l forest . 
Bo th morphomé t r i e fac to rs (area, depth) w e r e aIso s ign i f icant . 

D I S C U S S I O N 

In ail f ou r sets of Iakes, ex t inc t ion- re la ted fac to rs d o m i n a t e d our ana l yses , sugges t ing 
tha t t he resul ts have s o m e genera l i ty for f ish a s s e m b l a g e s in sma l l fo res t Iakes. Ev idence 
f r om other Systems is aIso cons is ten t w i th our resu l ts (J. M A G N U S O N , unpublished data ; 
C R O W E L L , 1986 ; W I L C O X et al., 1986 ; DAVIS et al., 1988) . In cont ras t , t he st ructure of 
w a r m - w a t e r r iver ine f ish c o m m u n i t i e s w a s bet ter co r re la ted wi th connect iv i ty to a t r ibutary 
w i th h igh spec ies r i chness than w i th local hab i ta t d ivers i ty or a rea ( O S B O R N E and WILEY, 
1992) . A s w e l l , t he d is t r ibu t ion of f ish s p e c i e s r anges a m o n g Af r i can r ivers w a s c lose ly 
assoc ia ted w i th the spec ies ' d ispersa i abi l i t ies, ra ther t han wi th ex t inc t ion- re la ted fac tors , 
s u g g e s t i n g t h e g r e a t e r i m p o r t a n c e of i m m i g r a t i o n o v e r e x t i n c t i o n in f l u v i a l Systems 
( H U G U E N Y , 1990) . Immigra t ion has aIso p roven impor tan t in de te rm in ing spec ies r ichness 
in i m m a t u r e Systems relat ive to ma tu re Systems ( M C C O R M I C K and C A I R N S , 1992) . 

L O M O L I N O ( 1 9 8 4 ) h a s a r g u e d t h a t t h e r e l a t i v e i m p o r t a n c e of i m m i g r a t i o n is 
d é p e n d e n t not on ly on the rates of immigra t ion (cons is tent w i th M A C A R T H U R and W I L S O N , 
1967) , but aIso on the range of rates ava i lab le wi th in an arch ipe lago. B e c a u s e smal l forest 
Iakes a re iso la ted Systems, they a re e x p e c t e d to have low rates of immigra t ion a n d , perhaps , 
a l i m i t e d r a n g e of i m m i g r a t i o n r a t e s , b o t h of w h i c h w o u l d m i n i m i z e t h e i n f l u e n c e of 
immig ra t ion . In te rms of their matur i ty {sensu M C C O R M I C K a n d C A I R N S , 1992) , the l imited 
range of â g e s a m o n g smal l forest Iakes shou ld aIso be cons ide red . W h e n t hèse Iakes were 
f o r m e d , 10-12 ,000 years ago , immigra t ion w a s l ikely a dom inan t m e c h a n i s m , and w e stil l 
see the ef fects of dif ferential co lon izat ion at larger, rég iona l sca les (e.g. , f ish f a u n a s o f North 
A m e r i c a ve rsus nor thern Europe , W iscons in ve rsus A lber ta) . However , régional immigrat ion 
rates are cur ren t ly low (but might inc rease wi th a c h a n g i n g c l imate) . Ext inct ion is likely a 
m o r e con t i nuous and f réquent p rocess in sma l l Iakes than is immigra t ion , re lated to factors 
such as winterk i l l and p H ; immigra t ion is l ikely m o r e ep isod ic and rare. 

Finally, to wha t ex tent have an th ropogen ic ef fects a l tered immigrat ion and ext inct ion 
r a t e s in t h è s e Systems ? D a t a a r e s c a n t y , b u t e x a m p l e s c a n b e f o u n d f o r w h i c h 
an th ropogen ic ef fects have inc reased bo th immig ra t ion and ext inct ion rates ( M A G N U S O N 
a n d L A T H R O P , 1992) . For sma l le r Iakes , ra tes of f i sh in t roduc t ions m a y d é p e n d on t h e 
iso lat ion of Iakes f rom h u m a n act iv i t ies ; the d i s tance of a lake to the nearest road has been 
s h o w n (J. M A G N U S O N et al., unpublished data) or sugges ted ( M A G N A N et al., 1995) to be 
a n i m p o r t a n t i m m i g r a t i o n f a c t o r t h a t c o n t r i b u t e s t o p a t t e r n s of f i s h a s s e m b l a g e s . 
Pa radox i ca l l y , howeve r , f i sh i n t roduc t i ons by h u m a n s c o u l d aIso m a g n i f y t he m e a s u r e d 
e f fec ts of e x t i n c t i o n - r e l a t e d fac to rs , b e c a u s e the s u c c e s s or fa i lu re of i n t roduc t i ons w i l l 
d é p e n d on the env i ronmenta l cond i t ions of the rece iv ing wa te rs . T H O M A S (1994) argues 
that ext inc t ion in human- in f l uenced habi tats is largely determin is t ic and resul ts f rom habi tats 
b e c o m i n g unsu i tab le ; because e m p t i e d p a t c h e s rema in inappropr ia te for reco lon iza t ion , 
ext inct ion p rocesses domina te . In f ish a s s e m b l a g e s of ac id i f ied Swed ish Iakes, ext inct ion is 
s e e n a s t h e d o m i n a n t p r o c e s s e v e n a f t e r I a k e s w e r e r e c l a i m e d v i a l i m i n g b e c a u s e 
reco lon iza t ion rates rema in m u c h lower t han ex t inc t ion rates ( B E R G Q U I S T , 1991) . Thus , 
w h e n ana l yz i ng da ta f rom su rveys of f ish a s s e m b l a g e s in sma l l fo res t Iakes, w h e t h e r in 
natura l or human- in f l uenced Systems, it is m o r e l ikely that the resul ts of ext inct ion p rocesses 
wil l be o b s e r v e d . 
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APPENDIX 

E n v i r o n m e n t a l Var iab les a n d F ish S p e c i e s 
U s e d in C a n o n i c a l C o r r e s p o n d e n c e A n a l y s i s Tr ip lots (F ig . 1) . 

E n v i r o n m e n t a l Var iab les 

Inl = Inlet, Vrt = Ver t ica l d i s tance to nex t lake d o w n s t r e a m , Hor = Hor i zon ta l d is tance to 
nea res t lake, W a t = W a t e r s h e d a rea , D L g - Hor i zon ta l d i s tance to neares t la rge l a k e , D M e 
- Ho r i zon ta l d i s t ance to neares t m e d i u m - s i z e d lake, D S m = Hor izon ta l d i s t ance to neares t 
sma l l l ake , Lat - La t i tude , L o n g = L o n g i t u d e , X = X co -o rd ina te in t h e g r id of S w e d e n , 
Y = Y c o - o r d i n a t e in the gr id of S w e d e n , Sa r - S u r f a c e a r e a , D e p - M a x i m u m dep th , 
C o n = Conduc t iv i t y , p H = p H , A lk = Alkal ln i ty , P h o s - P h o s p h o r u s . 

Fish S p e c i e s - W i s c o n s i n a n d A lber ta 

b b = b l a c k b u l l h e a d {Ameiurus mêlas), b c - b l a c k c r a p p i e {Poxomis nigromaculatus), 
b g = b l u e g i l l {Lepomis macrochirus), b s = b r o o k s t i c k l e b a c k {Culaea inconstans), 
c m - c e n t r a l m u d m i n n o w [Umbra limi), f m = f a t h e a d m i n n o w {Pimephales promelas), 
gs - g o l d e n s h i n e r (Notemigonus chrysoleucas), id = l o w a da r t e r (Etheosîoma exile), 
Ib = l a r g e m o u t h b a s s {Micropterus salmoides), p i - n o r t h e r n p i k e (Esox lucius), 
p s - p u m p k i n s e e d (Lepomis gibbosus), rb = r o c k b a s s [Ambloplites rupestris), rd = 
nor thern redbel ly dace {Phoxinus eos), ss - spot ta i l sh iner {Notropis hudsonius), w s - whi te 
s u c k e r (Catostomus commersoni), y b = y e l l o w b u l l h e a d {Ameiurus natalis), yp = ye l low 
pe rch {Perça flavescens). 

Fish S p e c i e s - F in land and S w e d e n 

bl = b l e a k {Alburnus alburnus), br = b r e a m {Abramis brama), bu = b u r b o t (Lota Iota), 
ce = c ruc ian carp {Carassius carassius), eh = arct ic char (Salvelinus alpinus), pe = perch 
{Perça fluviatilis), pi = p ike {Esox lucius), rf = ruf fe {Gymnocephalus cernua), ru = rudd 
{Scardinius erythrophthalmus), ro = r oach {Rutilus rutilus), se = scu lp i n {Cottus gobio), 
s m - sme i t {Osmerus eperlanus), te = t ench {Tinca tinca), tr = b rown t rout (SaImo trutta), 
v e - v e n d a c e {Coregonus albula), w h = w h i t e f i s h {Coregonus s p p . ) , z a = z a n d e r 
{Stizostedion lucioperca). 


