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Abstract:The m a i n objective of this paper is to review and discuss the applicabi l i ty of statistical procedures for the detec
t ion of density dependence based on a series of annual or mult i -annual censuses. Regression models for w h i c h the stati
stic value under the n u l l hypothesis of density independence is set a priori (slope = 0 or 1), generate spurious indications 
of density dependence. These tests are inappropriate because l o w sample sizes, high variance, and sampling error consi
stently bias the slope w h e n applied to a finite number of popula t ion estimates. Two distribution-free tests are reviewed 
for w h i c h the rejection region for the hypothesis of density independence is derived intr insical ly f r o m the data through 
a computer-assisted permutat ion process. T h e " r a n d o m i z a t i o n test" gives the best results as the presence of a p r o n o u n 
ced trend in the sequence of p o p u l a t i o n estimates does not affect test results. T h e other non-parametric test, the " p e r m u 
tat ion test", gives reliable results o n l y if the popula t ion fluctuates around a long-term e q u i l i b r i u m density. B o t h proce
dures are applied to three sets of data (Pukaskwa herd, A v a l o n herd, and a hypothet ical example) that represent quite 
divergent popula t ion trajectories over t ime. 
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Introduction 
P o p u l a t i o n studies o f u n g u l a t e s g e n e r a l l y a i m at 
i d e n t i f y i n g causes o f p o p u l a t i o n f l u c t u a t i o n s , a n d 
d e n s i t y - d e p e n d e n t effects t h a t l ead to p o p u l a t i o n re
g u l a t i o n ( M e s s i e r 1991a, b) . T h e f i rs t o b j e c t i v e r e q u 
ires t h e i n v e s t i g a t i o n o f processes t h a t q u a n t i f i a b l y 
i n f l u e n c e t h e p o p u l a t i o n rate-of- increase, h e n c e re
v e a l i n g t h e i r limiting effect. T h e s e c o n d o b j e c t i v e is 
m o r e s p e c i f i c ; i t addresses d e n s i t y d e p e n d e n c e o f d o 
m i n a n t p o p u l a t i o n processes, s u c h as f o o d c o m p e t i 
t i o n , p r é d a t i o n , p a r a s i t i s m , a n d d i s p e r s a l , to assess 
t h e i r regulatory effect o n a n i m a l n u m b e r s ( F o w l e r 
1987; M e s s i e r 1989; S i n c l a i r 1989). D e n s i t y d e p e n 
dence m a y be revealed b y ana lys i s o f changes i n s o u r 
ces o f m o r t a l i t y w i t h p o p u l a t i o n d e n s i t y (Sauer a n d 
B o y c e 1983; M e s s i e r a n d C r ê t e 1 9 8 4 , 1 9 8 5 ; S k o g l a n d 
1985, 1986; F r e e l a n d a n d C h o q u e n o t 1990). A l t e r 
n a t i v e l y , d e n s i t y d e p e n d e n c e c a n be assessed at the 
p o p u l a t i o n leve l u s i n g a series o f census data ( V i c k e -
r y a n d N u d d s 1984; G a s t o n a n d L a w t o n 1987; P o l 
l a r d etal. 1987; R e d d i n g i u s a n d d e n B o e r 1989). 

T h e p o p u l a t i o n d y n a m i c s o f c a r i b o u o r r e i n d e e r 
(Rangifer tarandus) has b e e n r e v i e w e d b y m a n y aut
h o r s i n recent years ( B e r g e r u d 1980, 1983; Leader -
W i l l i a m s 1980; S k o g l a n d 1 9 8 5 , 1 9 8 6 , 1990; M e s s i e r 

etal. 1988). F o o d e x p l o i t a t i o n , p r e d a t i o n , a n d w i n 
ter s n o w a c c u m u l a t i o n have b e e n i d e n t i f i e d as p r i 
m a r y l i m i t i n g fac tors , a l t h o u g h m o s t a u t h o r s stres
sed t h a t the respect ive i m p a c t s o f these agents o n 
p o p u l a t i o n g r o w t h l i k e l y d i f f e r a c c o r d i n g to c a r i 
b o u densi t ies , presence o f al ternate prey , g e o g r a p h i c 
r e g i o n , a n d e n v i r o n m e n t a l fac tors (e.g., V a n B a l l e n -
berghe 1985; B e r g e r u d a n d B a l l a r d 1988). H o w e v e r , 
t h e d e n s i t y r e l a t i o n s h i p s o f d o m i n a n t causes o f 
m o r t a l i t y , p r i m a r i l y those i n v o l v i n g b i o t i c interac
t i o n s , are s t i l l p o o r l y d o c u m e n t e d ( M e s s i e r et al. 
1988). T h i s l a c k o f i n f o r m a t i o n c o n t i n u e s to res t r ic t 
o u r c a p a c i t y to e m p i r i c a l l y u n d e r s t a n d t h e d e m o 
g r a p h y o f c a r i b o u i n N o r t h A m e r i c a , p a r t i c u l a r l y 
t h e m e c h a n i s m s i n v o l v e d i n t h e r e g u l a t i o n o f c a r i 
b o u n u m b e r s . 

T h e p r i n c i p a l o b j e c t i v e o f t h i s p a p e r is to r e v i e w 
a n d discuss t h e a p p l i c a b i l i t y o f s t a t i s t i c a l m e t h o d s 
f o r the d e t e c t i o n o f d e n s i t y d e p e n d e n c e based o n a 
series o f a n n u a l o r m u l t i - a n n u a l censuses . S u c h ana
lyses w o u l d be w a r r a n t e d w h e n t h e d e n s i t y re la t i 
o n s h i p o f i n d i v i d u a l causes o f m o r t a l i t y c a n n o t be 
assessed due to l i m i t e d i n f o r m a t i o n . Y e t , t h e detec t i 
o n o f o v e r a l l d e n s i t y d e p e n d e n c e w o u l d i m p l y t h a t 
o n e o r a n u m b e r o f m o r t a l i t y agents r e d u c e t h e p o -
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p u l a t i o n rate-of- increase at e levated dens i t ies , a n d 
vice versa. M e c h a n i s m s o f p o p u l a t i o n r e g u l a t i o n are 
e x h i b i t e d o n l y w h e n d e n s i t y d e p e n d e n c e a c t u a l l y 
operates, n o t d u r i n g p e r i o d s o f u n l i m i t e d g r o w t h . 
T h e r e f o r e , s u c h tests m a y suggest t h e m o s t a p p r o p r i 
ate t i m e p e r i o d to i n i t i a t e a d e m o g r a p h i c s t u d y a i m 
e d at r e v e a l i n g feedback m e c h a n i s m s i n c a r i b o u p o 
p u l a t i o n d y n a m i c s . 

Tests of density dependence 
The hypotheses 
A n a n i m a l p o p u l a t i o n is s a i d to be d e n s i t y i n d e p e n 
d e n t i f i ts g r o w t h rate is i n d e p e n d e n t o f t h e d e n s i t y 
o f t h e p o p u l a t i o n i tsel f . L e t Nt be the s ize o f a n a n i 
m a l p o p u l a t i o n at a s p e c i f i c t i m e i n t h e a n n u a l c y c l e . 
A s i m p l e m o d e l o f d e n s i t y i n d e p e n d e n c e is : 

X t + i = r + Xt + et (1) 
w h e r e Xx = In (7Vt) (t = 1 , 2 , n ) , is a n i n d e p e n 
dent n o r m a l r a n d o m v a r i a b l e w i t h m e a n z e r o a n d 
v a r i a n c e a2, a n d r denotes a " d r i f t " fac tor . A p o p u l a 
t i o n g o v e r n e d b y [1] f o l l o w s a r a n d o m w a l k t h r o u g h 
t i m e w i t h a n d average d r i f t o f r; there is n o t e n d e n c y 
f o r t h e p o p u l a t i o n to r e t u r n to a l o n g - t e r m e q u i l i b r i 
u m va lue . 

A n a n i m a l p o p u l a t i o n is sa id to be d e n s i t y d e p e n 
dent i f its g r o w t h rate is c o r r e l a t e d w i t h its s ize . T h e 
c o r r e l a t i o n m u s t be negat ive to create p o p u l a t i o n 
s t a b i l i z a t i o n . A m o d e l o f d e n s i t y d e p e n d e n c e fre
q u e n t l y c i t e d i n the l i t e ra ture takes t h e f o l l o w i n g 
f o r m : 

* t + 1 = r + |JX t + q (2) 

. . - D D 

NO GROWTH 

L O G ( N t + 1 ) = r + / 3 L 0 G ( N t ) 

L O G ( N t ) 

Figure 1. Test of density dependence proposed by M o r r i s 
(1959,1963), w h e n applied to a series of censuses 
( N t ) . It is hypothesised that ß = 1 for a density 
independent (DI) p o p u l a t i o n , and ß < 1 for a 
density dependent ( D D ) popula t ion . 

w h e r e J3 is a c o n s t a n t r e f l e c t i n g t h e degree o f d e n s i t y 
d e p e n d e n c e , a n d r, Xt, a n d q c o n f o r m to m o d e l [1). 
H e r e , t h e p o p u l a t i o n g r o w t h rate d e p e n d s u p o n Xt 

w h e n JJ # 1. If J3 = l , t h e n m o d e l 2 converges to m o d e l 
1. A p o p u l a t i o n g o v e r n e d b y [2], w h e n (3 < 1, w i l l 
t e n d to f l u c t u a t e a r o u n d a n e x p e c t e d v a l u e o f e ^ - P ) 
( F i g . 1), w h i c h c a n be t a k e n as t h e e c o l o g i c a l c a r r y 
i n g c a p a c i t y ( K C C , M a c n a b 1985). T h e v a r i a b l e r re
presents the p o p u l a t i o n rate-of- increase a s s u m i n g 
n o d e n s i t y d e p e n d e n t effects, o r r m a x as d e f i n e d b y 
C a u g h l e y (1977: 53). 

M o d e l s [1] a n d [2] essent ia l ly f o r m t h e n u l l a n d 
t h e a l t e rna t ive h y p o t h e s i s to test f o r t h e presence o f 
d e n s i t y d e p e n d e n c e at t h e p o p u l a t i o n l e v e l . S p e c i f i 
ca l ly , w e are a s k i n g t h e f o l l o w i n g q u e s t i o n : does t h e 
s u m o f negat ive f e e d b a c k m e c h a n i s m s a f f e c t i n g p o 
p u l a t i o n g r o w t h o u t w e i g h t h e s u m o f t h e p o s i t i v e 
f e e d b a c k m e c h a n s i s m s , t h u s c r e a t i n g p o p u l a t i o n re
g u l a t i o n ( B e r r y m a n et al. 1987; B e r r y m a n 1991)? 

Regression models 

R e g r e s s i o n analys is has b e e n u s e d b y m a n y a u t h o r s 
to ana lyse p o p u l a t i o n d a t a ( rev iew i n I to 1972, Slade 
1977). A f irst a p p r o a c h , p r o p o s e d b y M o r r i s (1959, 
1963), c o n s i s t e d o f regress ing l n ( N t + 1 ) o n l n ( N t ) f o r 
a series o f a n n u a l censuses ( F i g . 1). D e n s i t y -
i n d e p e n d e n t p o p u l a t i o n s s h o u l d generate a s l o p e (B) 
o f o n e , a n d a y - i n t e r c e p t e q u a l to r ( the e x p o n e n t i a l 
rate-of- increase) . D e n s i t y d e p e n d e n c e s h o u l d be i n 
d i c a t e d b y |3 < 1. H e r e , (3 is e s t i m a t e d b y b, t h e s lope 
o f t h e regress ion l i n e c o m p u t e d b y s t a n d a r d least 
squares p r o c e d u r e ( S o k a l a n d R o h l f 1981 : 468) . M a -
e l z e r (1970), St. A m a n t (1970), a n d I to (1972) n o t e d 
f o u r i m p o r t a n t weaknesses to t h i s a p p r o a c h : (1) a 
p r o b l e m o f a u t o c o r r e l a t i o n because each es t imate o f 
p o p u l a t i o n size (except t h e f i rs t a n d t h e last ones) is 
u s e d success ive ly as x- a n d y - v a l u e ; (2) t h e test is large
l y u n s u i t a b l e f o r p o p u l a t i o n s w i t h large, s tochast ic ' 
f l u c t u a t i o n s i n n u m b e r s ; (3) a d e n s i t y - d e p e n d e n t 
process f r e q u e n t l y generates a c u r v i l i n e a r r e l a t i o n s 
h i p o n a l o g - l o g g r a p h because o f a n a c c e l e r a t i n g i m 
pact at h i g h densi t ies , h e n c e p r o d u c i n g a r e l a t i o n s 
h i p n o t a p p r o p r i a t e l y d e s c r i b e d b y a l i n e a r 
regress ion m o d e l ; a n d (4) a p o p u l a t i o n w i t h a l o w i n 
t r i n s i c rate-of- increase, b u t w i t h p o t e n t i a l l y w i d e 
d i s p l a c e m e n t s i n dens i t i es t h r o u g h t i m e ( l ike car i 
b o u ) , w i l l a lways be associated w i t h a l v a l u e c lose 
to u n i t y . T h e m a j o r weakness o f t h i s a p p r o a c h , h o 
wever , is t h e a s s u m p t i o n t h a t M s a n u n b i a s e d es t ima
t o r o f 6, a n d s h o u l d e q u a l 1 f o r a d e n s i t y -
i n d e p e n d e n t p o p u l a t i o n (i.e., the n u l l h y p o t h e s i s ) . 
C o m p u t e r s i m u l a t i o n s s h o w e d that s u c h an as
s u m p t i o n was i n fact i n c o r r e c t f o r f i n i t e s a m p l e sizes 
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Figure 2. Test of density dependence proposed by Varley 
and G r a d w e l l (1960), w h e n applied to estimates 
of annual total morta l i ty rates (k t o t a [ ) versus log 
p o p u l a t i o n size ( N t ) . D e n s i t y independence 
(DI) should be associated w i t h a slope of 0, whe
reas density dependence ( D D ) should be indica
ted by a slope greater than 0. 

( M a e l z e r 1970; St . A m a n t 1970; Slade 1977). N o n -
r e g u l a t e d p o p u l a t i o n s h a d a m e a n s lope s i g n i f i c a n t 
l y less t h a n 1, a n d the d e p a r t u r e was greater f o r l o w 
s a m p l e sizes a n d v a r i a b l e data . T h e r e f o r e , t h e test 
p r o p o s e d b y M o r r i s o f t e n generates s p u r i o u s i n d i c a 
t i o n s o f p o p u l a t i o n r e g u l a t i o n ( B u l m e r 1975; S lade 
1977). 

V a r l e y a n d G r a d w e l l (1960) presented a n o t h e r 
m e t h o d f o r a n a l y s i n g s e r i a l census data w h i c h was 
e x p a n d e d later b y K r e b s (1970), W a t s o n (1970), P o -
d o l e r a n d R o g e r s (1975), a n d M a n l y (1977). T h i s 
m e t h o d c o n s i s t s o f express ing each s o u r c e o f m o r t a 
l i t y ( f r e q u e n t l y c a l l e d " s u b m o r t a l i t y " ) as the di f fe 
rence o f l o g 1 0 o f p o p u l a t i o n size before a n d after 
t h e s u b m o r t a l i t y has acted. E a c h s u b m o r t a l i t y , ex
pressed here i n ̂ -values f o r a n u m b e r o f years , c a n 
t h e n be p l o t t e d against l o g p o p u l a t i o n size be fore its 
a c t i o n to assess the degree o f d e n s i t y d e p e n d e n c e 
( P o d o l e r a n d R o g e r s 1975). F o r a g e - s t r u c t u r e d p o 
p u l a t i o n s , t h e ana lys i s c a n be res t r i c ted to a g i v e n age 
class ( S i n c l a i r 1973; C l u t t o n - B r o c k et al. 1987; A l -
b o n et al. 1987) o r to a n i m a l s o f a l l ages ( C l u t t o n -
B r o c k etal. 1985). H o w e v e r , a p r o b l e m arises w h e n 
the s t u d y a n i m a l has a c o m p l e x l i fe cyc le . I n s u c h ca
ses it is o f t e n i m p o s s i b l e to sequence m o r t a l i t y 
agents t h r o u g h t i m e because t h e y m a y act s i m u l t a 
n e o u s l y (a n o t a b l e d i f f e r e n c e c o m p a r e d to m a n y i n 
vertebrate species ; V a r l e y et al. 1973). N o n e t h e l e s s , 
t o t a l m o r t a l i t y ( & t o t a l ) f r o m t to t+1 c a n be p l o t t e t 

against l o g ( N t ) to reveal o v e r a l l d e n s i t y d e p e n d e n c e 
( F i g . 2 ; I t o 1972). N o t e t h a t a regress ion express ing 
the rate o f p o p u l a t i o n g r o w t h against l o g p o p u l a t i 
o n s ize is m a t h e m a t i c a l l y e q u i v a l e n t to a regress ion 
i n v o l v i n g & t otal> a s s u m i n g that t h e loss o f b r e e d i n g 
p o t e n t i a l is treated as a s u b m o r t a l i t y ( K u n o 1971; 
C l u t t o n - B r o c k etal. 1985; M e s s i e r 1991a). 

T h e r e is a ser ious e m p i r i c a l d i f f i c u l t y i n a p p l y i n g 
t h e a p p r o a c h o f V a r l e y a n d G r a d w e l l . T h e a u t h o r s 
a s s u m e d that a d e n s i t y i n d e p e n d e n t p o p u l a t i o n 
s h o u l d be i n d i c a t e d b y a s l o p e o f z e r o w h e n k t o u [ va
lues are p l o t t e d against l o g p o p u l a t i o n s i f e. L i k e t h e 
m o d e l o f M o r r i s d e s c r i b e d above, the s l o p e is b iased 
b y data t h a t c o n t a i n l o w s a m p l e sizes a n d h i g h v a r i 
ance ( I to 1972), t h u s p r o v i d i n g e r r o n e o u s e v i d e n c e 
f o r d e n s i t y d e p e n d e n c e . T h e fact that o n e c a n n o t de
r i v e t h e l v a l u e f o r t h e n u l l h y p o t h e s i s great ly h a m 
pers s ta t i s t i ca l t es t ing f o r d e n s i t y d e p e n d e n c e u s i n g 
k e y f a c t o r ana lys i s . 

O t h e r regress ion stat ist ics have b e e n u s e d to deter
m i n e d e n s i t y d e p e n d e n c e . T h e s e i n c l u d e (1) the s lo 
pe o f t h e p r i n c i p a l ax is , (2) the s lope o f t h e s t a n d a r d 
(reduced) m a j o r axis , (3) a c o m p a r i s o n o f t h e s l o p e 
o f a d o u b l e regress ion [ l n ( N t + i ) o n l n ( N t ) , a n d 
l n ( N t ) o n l n ( N t + 1 ) ) , a n d (4) t h e c o e f f i c i e n t o f f i r s t 
o r d e r ser ia l c o r r e l a t i o n (see V a r l e y a n d G r a d w e l l 
1963; V a r l e y etal. 1973; B u l m e r 1975; S lade 1977). 
H o w e v e r , recent M o n t e C a r l o s i m u l a t i o n s have de
m o n s t r a t e d that these stat ist ics r e m a i n l a r g e l y i n a p 
p r o p r i a t e to reveal d e n s i t y d e p e n d e n c e (Slade 1977; 
V i c k e r y a n d N u d d s 1984; P o l l a r d et al. 1987; R e d -
d i n g i u s a n d d e n B o e r 1989). 

Non-parametric models 

P o l l a r d etal. (1987) suggested a s i m p l e , d i s t r i b u t i o n -
free a p p r o a c h f o r t h e d e t e c t i o n o f d e n s i t y d e p e n d e n 
ce based o n a series o f a n n u a l censuses. T h e m e t h o d 
uses t h e c o r r e l a t i o n c o e f f i c i e n t , o r t h e s l o p e o f the 
regress ion l i n e , b e t w e e n t h e o b s e r v e d rate o f p o p u l a 
t i o n g r o w t h a n d p o p u l a t i o n size ( F i g . 3). A d i s t i n c t 
feature o f the p r o p o s e d test is that t h e c o r r e l a t i o n c o 
e f f i c i e n t u n d e r H 0 (i .e., m o d e l 1) is d e r i v e d i n t r i n s i 
c a l l y f r o m t h e data b y a r a n d o m i z a t i o n process . 

T h e r a t i o n a l e o f t h e r a n d o m i z a t i o n test o f P o l l a r d 
et al. (1987) is ra ther s i m p l e . L e t Xt (t = 1 , 2 , n) 
be ln/V t ) f o r a series o f a n n u a l censuses . If m o d e l 1 
a p p l i e s , (X2 -Xi), (X3 - X2), {Xn - X n 4 ) are r a n 
d o m f l u c t u a t i o n s t h a t s e q u e n t i a l l y d i s p l a c e the p o 
p u l a t i o n size f r o m X\ to Xn. W r i t i n g dt = (Xt+1 - XJ 
(t = 1, 2 , n - \ ) , t h e o b s e r v e d d i s p l a c e m e n t o f Xj 
to Xnis due to a p a r t i c u l a r o r d e r i n g o f r a n d o m dt va -
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Figure 3. I l lustration of the r a n d o m i z a t i o n test proposed 
by Pol lard et al. (1987) where the annual expo
nential rate-of-increase is plotted against log po
pula t ion size ( N t ) . D e n s i t y dependence ( D D ) 
should be indicated by a slope signif incantly lo
wer than the slope associated w i t h a density i n 
dependent (DI) process. T h e density distr ibut i 
o n of slopes under the hypothesis of density 
independence is derived f r o m random permuta
tions of the annual estimates of the popula t ion 
rate-of-increase. 

lues. F o r a d e n s i t y i n d e p e n d e n t p o p u l a t i o n , dt va
lues c o u l d have o c c u r r e d i n a d i f f e r e n t o r d e r , genera
t i n g a d i f f e r e n t , b u t e q u a l l y l i k e l y , sequence o f Xt 

values . N o w w e c a n r u n a large n u m b e r o f r a n d o m 
p e r m u t a t i o n s o f dt values to assess the c o r r e l a t i o n 
c o e f f i c i e n t b e t w e e n dz a n d Xv s y m b o l i z e d here b y 
r^x. I n essence, w e are c o n s t r u c t i n g t h e s tat is t ica l d i 
s t r i b u t i o n o f r j x u n d e r H Q , w h i c h w e t h e n use to as
sess to d e p a r t u r e o f the r j x v a l u e c o m p u t e d f r o m t h e 
o r i g i n a l data set. If less t h a n 5 % o f t h e r j x values ca l 
c u l a t e d f r o m a r a n d o m i z a t i o n process are s m a l l e r 
t h a n o r e q u a l to the c o m p u t e d r j x f r o m the o r i g i n a l 
sequences of dx, t h e n reject t h e n u l l h y p o t h e s i s at 
5 % level o f s i g n i f i c a n c e . I n s u c h cases, o n e c o n c l u d e s 
that the present s u r v e y data s h o w e v i d e n c e o f d e n s i 
t y d e p e n d e n c e . 

It is i m p o r t a n t to realise that t h e test des igned b y 
P o l l a r d et al. (1987) can be u s e d as a n a l te rnat ive to 
a k e y f a c t o r a n a l y s i s ( V a r l e y a n d G r a d w e l l 1960) to 
reveal d e n s i t y d e p e n d e n c e . C o n s i d e r t h e f o l l o w i n g 
t a u t o l o g i c a l e q u a t i o n : 

^total . t = r m a x ~ <̂ t (3] 
C l e a r l y , & t o t a i is s i m p l y the d i f fe rence b e t w e e n t h e 

m a x i m u m rate o f p o p u l a t i o n g r o w t h u n d e r n o eco
l o g i c a l c o n s t r a i n t s , m i n u s the rea l i sed g r o w t h rate 
f o r that year . T h e reader s h o u l d n o t i c e t h a t a n y loss 
o f b r e e d i n g p o t e n t i a l is p a r t o f t h e t o t a l m o r t a l i t y i n 
e q u a t i o n [3]. T h u s , & t o t a l andt/ t are re la ted b y a c o n 
stant ( r m a x ) , w i t h n o s ta t i s t i ca l effect o n t h e regressi
o n ana lys i s i n v o l v i n g e i t h e r dt o r ktot3\ o n Xt ( K u n o 
1971; R o y a m a 1977). M o n t e C a r l o s i m u l a t i o n s p e r 
f o r m e d b y t h e present a u t h o r have i n d e e d s h o w n 
that t h e a p p l i c a t i o n o f t h e r a n d o m i z a t i o n test o n 
^to ta l va lues is m a t h e m a t i c a l l y e q u i v a l e n t to a test 
based o n dt va lues , w i t h t h e n o t a b l e e x c e p t i o n that 
the s lopes o f the t w o regress ion l ines have o p p o s i t e 
s igns ( u n p u b l . ) . 

R e d d i n g i u s a n d d e n B o e r (1989) have p r e s e n t e d a 
s e c o n d n o n - p a r a m e t r i c test, c a l l e d the p e r m u t a t i o n 
test, f o r the d e t e c t i o n o f d e n s i t y d e p e n d e n c e i n a se
ries o f s e q u e n t i a l surveys . T h e test is c l o s e l y re la ted 
to the p r o c e d u r e d e s c r i b e d b y P o l l a r d et al. (1987), 
a n d f o r t h i s reason I w i l l a d o p t the same n o t a t i o n as 
i n the p r e v i o u s s e c t i o n . S p e c i f i c a l l y , w e r e c o g n i z e 
that 

X„ = Xt + 2 4 , (t = 1, 2, n-\) [A] 
i n w h i c h d\, dj, t/n.iConstitute a series o f ran
d o m values , w i t h a m e a n o f r u n d e r m o d e l 1, g r a d u a l 
l y d i s p l a c i n g p o p u l a t i o n size f r o m X\ to Xn (above) . 
T h e h y p o t h e s i s o f d e n s i t y i n d e p e n d e n c e states t h a t 
a l l p o s s i b l e p e r m u t a t i o n s o f dt values are e q u a l l y l i 
k e l y to o c c u r , r e s u l t i n g i n u n b o u n d e d p o p u l a t i o n 
changes (i.e., a r a n d o m w a l k i n d e n s i t y t h r o u g h 
t i m e ) . U n d e r m o d e l 2, dt values s h o u l d o c c u r i n 
s u c h a n o r d e r that i n d u c e s t h e p o p u l a t i o n s ize to 
converge o n a c e r t a i n range o f densi t ies . A s a m e a s u 
re f o r t h e a m o u n t o f f l u c t u a t i o n u n d e r H Q a n d H j , 
t h e test uses t h e l o g a r i t h m i c range [L; X m a x - X m i n ) 
oiXt va lues . T h e s ta t is t ica l q u e s t i o n here is w h e t h e r 
the o b s e r v e d l o g a r i t h m i c range (LQ) c a l c u l a t e d f r o m 
the o r i g i n a l sequences o f Xx values is s i g n i f i c a n t l y 
s m a l l e r t h a n m i g h t be expec ted u n d e r r a n d o m p e r 
m u t a t i o n s o f dt values (i.e., a d e n s i t y i n d e p e n d e n t 
p o p u l a t i o n ) . A s f o r t h e test o f P o l l a r d et al. (1987), 
t h e s ta t i s t i ca l d i s t r i b u t i o n of L u n d e r H Q c a n be as
sessed b y p e r f o r m i n g a large n u m b e r o f p e r m u t a t i 
o n s o f dt values , a n d t h e n c a l c u l a t i n g L f o r each re-, 
t r i e v e d sequence o f R v a l u e s . T h e P va lue is based 
o n the r a n k o f LQ i n the p o p u l a t i o n o f L values gene
rated b y p e r m u t a t i o n . S p e c i f i c a l l y , P equals a/k-1 
w h e r e a represents the n u m b e r o f L values s m a l l e r 
t h a n o r e q u a l to LQ, a n d k is the n u m b e r o f p e r m u t a 
t i o n s . Pcan a lso be c a l c u l a t e d b y t h e M a n n - W h i t n e y 
test (Siegel a n d C a s t e l l a n 1988: 128-137) w h e r e o n e 
o f the t w o s a m p l e s is LQ a n d t h e o t h e r s a m p l e is 
c o m p o s e d o f the L values o b t a i n e d f r o m k p e r m u 
t a t i o n s . 
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Applications 
I n t h i s s e c t i o n , I a p p l y t h e r a n d o m i z a t i o n test a n d 
t h e p e r m u t a t i o n test to three sets o f d a t a , t w o o b t a i 
n e d f r o m t h e l i t e ra ture a n d o n e h y p o t h e t i c a l . F i e l d 
d a t a were f r o m t h e A v a l o n c a r i b o u h e r d i n N e w 
f o u n d l a n d ( B e r g e r u d 1971 ; B e r g e r u d et al. 1983; 
M e r c e r et al. 1985; S. M a h o n e y , pers . c o m m . ) a n d 
f r o m the P u k a s k w a h e r d i n O n t a r i o ( B e r g e r u d 1989; 
A . T . B e r g e r u d , pers . c o m m . ) . T h e f i c t i t i o u s data set 
was generated b y a c o m p u t e r s i m u l a t i o n o n the basis 
o f m o d e l (2) w h e r e « Q = 10, r = 0.4, 6 = 0.9, a n d 
e w i t h a m e a n o f z e r o a n d a o f 0 .05. H e r e , m y i n t e n 
t i o n is to analyse ex t remes o f p o p u l a t i o n tra jectories 
( F i g . 4), f r o m f l u c t u a t i o n s w i t h i n d e n s i t y b o u n d s 
( P u k a s k w a herd) to u n l i m i t e d g r o w t h ( A v a l o n 
h e r d ) . T h e h y p o t h e t i c a l e x a m p l e i l lustrates a case o f 
a n e x p a n d i n g p o p u l a t i o n f o r w h i c h t h e respect ive 
r o l e o f d e n s i t y d e p e n d e n c e a n d e n v i r o n m e n t a l vaga-
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Figure 4. Fluctuat ions over t ime of car ibou numbers for 
the P u k a s k w a herd in O n t a r i o , the A v a l o n herd 
in N e w f o u n d l a n d , and the computer-
constructed example. 

r y o n p o p u l a t i o n g r o w t h requires s ta t i s t ica l assess
m e n t ( F i g . 4). P o p u l a t i o n est imates are s u m m a r i z e d 
i n A p p e n d i x I. 

O n e m i n o r m o d i f i c a t i o n to t h e r a n d o m i z a t i o n 
test was r e q u i r e d to a c c o m m o d a t e m u l t i y e a r c e n s u 
ses. I n these cases dx re la t ive to a m u l t i y e a r i n t e r v a l 
was d i v i d e d b y t h e n u m b e r o f years i n t h a t i n t e r v a l 
to ca lcula te c o r r e c t l y the e x p o n e n t i a l rate-of-
increase. S u c h m o d i f i c a t i o n w o u l d affect the v a r i a n 
ce o f dx values , b u t n o t t h e u n d e r l y i n g r e l a t i o n s h i p 
b e t w e e n dx a n d Xx A s t h e r a n d o m i z a t i o n test is a 
d i s t r i b u t i o n - f r e e s ta t i s t i ca l a n a l y s i s ( P o l l a r d et al. 
1987), a n y d i f ferences i n the v a r i a n c e a m o n g dt va
lues , w h e n a n n u a l a n d m u l t i a n n u a l censuses are tre
ated s i m u l t a n e o u s l y , s h o u l d n o t affect t h e test re
sul ts . N o t e , h o w e v e r , that the o r i g i n a l dt values w e r e 
u s e d to generate the p e r m u t e d sequences o f Xt. 

Pukaskwa herd 
T h e P u k a s k w a h e r d ranged f r o m 12 to 31 a n i m a l s 
d u r i n g t h e p e r i o d 1972-1991 ( F i g . 4). T h e d e n s i t y 
i n d e p e n d e n t m o d e l was rejected at P < 0.05 b y b o t h 
t h e r a n d o m i z a t i o n a n d t h e p e r m u t a t i o n test (Tab le 
1). It is, therefore , q u i t e u n l i k e l y t h a t th i s series o f 
p o p u l a t i o n censuses c o u l d have o r i g i n a t e d s i m p l y 
f r o m r a n d o m f l u c t u a t i o n s . T h e e v i d e n c e f o r d e n s i t y 
d e p e n d e n c e is a lso re f lec ted b y t h e d e c l i n e o f dx 

w i t h Xx ( F i g . 5). 

Avalon herd 
T h e A v a l o n h e r d i n c r e a s e d f r o m 71 to 5782 a n i m a l s 
d u r i n g t h e p e r i o d 1956-1990 ( F i g . 4). C o n t r a r y t o 
t h e p r e v i o u s e x a m p l e , there was a m a r k e d t r e n d i n 
t h e o b s e r v e d data set, t y p i c a l o f a p o p u l a t i o n expe
r i e n c i n g u n l i m i t e d g r o w t h . T h e p r o b a b i l i t y o f re
j e c t i n g the n u l l h y p o t h e s i s o f d e n s i t y i n d e p e n d e n c e 
v a r i e d f r o m 0.09 to 0.14 f o r t h e r a n d o m i z a t i o n test 
(Tab le 1). C o n s e q u e n t l y , the h e r d m a y have expe
r i e n c e d r e d u c e d g r o w t h i n recent years , b u t t h e 
c h a n g e was n o t s t r o n g l y expressed s ta t i s t i ca l ly . 

T h e p e r m u t a t i o n test gave q u i t e a d i f f e r e n t resu l t . 
N o n e o f t h e p e r m u t e d series o f dx p r o d u c e d a range 
o f Xx values m o r e e x t r e m e t h a n t h a t o b s e r v e d i n t h e 
o r i g i n a l sequences o f Xx. I n fact , t h i s e x a m p l e 
p o i n t s to a m a j o r weakness o f t h e p e r m u t a t i o n test; 
t h e test loses i ts p o w e r w h e n t h e p o p u l a t i o n s h o w s 
a p r o n o u n c e d t r e n d o v e r t i m e . I n d e e d , w h e n a l l dx 

values are p o s i t i v e , as i t is i n t h i s e x a m p l e , p e r m u t a t i 
o n o f dx values has n o effect o n t h e L s ta t i s t i c . 

Example herd 
T h e h y p o t h e t i c a l e x a m p l e was c o n s t r u c t e d a r b i t r a 
r i l y to m i m i c a h e r d r e c o v e r i n g f r o m a c a t a s t r o p h i c 
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F i g ' ;ure 5. Relationships between the exponential rate-of-
increase and log popula t ion size for the three po
pulations illustrated in F i g . 4. 

r e d u c t i o n i n n u m b e r s . P o p u l a t i o n s t a b i l i z a t i o n , i n 
a b r o a d sense, is n o t r e a d i l y a p p a r e n t t h r o u g h i n 
s p e c t i o n o f the g r a p h e d data ( F i g . 4), a n d in ference 
a b o u t d e n s i t y d e p e n d e n c e needs to be assessed stat i 
s t i ca l ly . T h e r a n d o m i z a t i o n test c l e a r l y reveals evi 
dence f o r d e n s i t y d e p e n d e n c e (P< 0 .01 , T a b l e 1). 
T h e p e r m u t a t i o n test, h o w e v e r , is a g a i n p l a g u e d 
w i t h l o w p o w e r . T h e p r o b a b i l i t y t o reject H Q is 
o n l y 0.77 i n spite o f a c lear t r e n d i n d e c l i n i n g p o p u 
l a t i o n g r o w t h w i t h p o p u l a t i o n size ( F i g . 5). T h i s re
in forces t h e p r e v i o u s s ta tement that t h e p e r m u t a 
t i o n test is la rge ly i n e f f e c t i v e w h e n t h e p o p u l a t i o n 
u n d e r g o e s s u b s t a n t i a l g r o w t h w i t h o u t f l u c t u a t i o n s 
a r o u n d a n e q u i l i b r i u m va lue . 

h i n d e r e d b y t h e l a c k o f a s u i t a b l e s ta t i s t i ca l p r o c e d u 
re. A l l p r o p o s e d regress ion m o d e l s f o r w h i c h t h e sta
t i s t i c values u n d e r H Q are set a priori (e.g., b = 0 o r 
1) l e a d to i n c o r r e c t test results because o f biases i n 
t h e e s t i m a t o r o f |3 ( M o r r i s ' s m e t h o d , V a r l e y a n d 
G r a d w e l l ' s m e t h o d ) , o r because o f l o w p o w e r w h e n 
t h e p o p u l a t i o n u n d e r g o e s s u b s t a n t i a l g r o w t h o r 
d e c l i n e ( B u l m e r ' s test). M a n y a u t h o r s have s h o w n 
t h e i n e f f i c i e n c y o f these p r o c e d u r e s ( M a e l z e r 1970; 
St. A m a n t 1970; K u n o 1971; I to 1972; S lade 1977; 
R o y a m a 1977; V i c k e r y a n d N u d d s 1984; G a s t o n a n d 
L a w t o n 1987; P o l l a r d et al. 1987). 

T h e d e v e l o p m e n t o f d i s t r i b u t i o n - f r e e , n o n p a r a -
m e t r i c tests b y V i c k e r y a n d N u d d s (1984, n o t revie
w e d here) , P o l l a r d et al. (1987), a n d R e d d i n g i u s a n d 
d e n B o e r (1989) represent i m p o r t a n t c o n t r i b u t i o n s 
to p o p u l a t i o n e c o l o g y . I n these p r o c e d u r e s , the re
j e c t i o n r e g i o n f o r t h e h y p o t h e s i s o f d e n s i t y i n d e 
p e n d e n c e is d e f i n e d f r o m t h e d a t a t h r o u g h a 
c o m p u t e r - a s s i s t e d r a n d o m i z a t i o n process . H o w e 
ver , these a p p r o a c h e s are n o t w i t h o u t p r o b l e m s . F o r 
e x a m p l e , P o l l a r d etal. (1987) s h o w e d t h a t t h e test de
s i g n e d b y V i c k e r y a n d N u d d s (1984) was affected b y 
t h e t o t a l d i s p l a c e m e n t i n d e n s i t y a w a y f r o m a l o n g -
t e r m e q u i l i b r i u m . P o l l a r d et al. (1987) f u r t h e r de
m o n s t r a t e d t h a t t h e test p r o p o s e d b y V i c k e r y a n d 
N u d d s (1984) was re la ted to t h e r a n d o m i z a t i o n test, 
a l t h o u g h w i t h a loss o f genera l i ty . 

T h e results s u m m a r i z e d i n T a b l e 1 i n d i c a t e t h a t 
t h e p e r m u t a t i o n test as p r o p o s e d b y R e d d i n g i u s a n d 
d e n B o e r (1989) is l a r g e l y i n e f f i c i e n t w h e n there is 
a m a r k e d t r e n d i n t h e series o f p o p u l a t i o n est imates 
(e.g., A v a l o n h e r d ) . T h e p e r m u t a t i o n test is best 
o n l y w h e n the s t u d y p o p u l a t i o n f luc tuates a r o u n d 
a l o n g - t e r m e q u i l i b r i u m , s u c h as t h e P u k a s k w a 
h e r d . I n v i e w o f t h i s f i n d i n g , the c o n c l u s i o n o f R e d 
d i n g i u s a n d d e n B o e r (1989) t h a t t h e p e r m u t a t i o n 
test has the same p o w e r as the B u l m e r ' s test is n o t 
s u r p r i s i n g ; b o t h tests c a n be a p p l i e d w i t h c o n f i d e n 
ce o n l y to a series o f censuses s h o w i n g n o t r e n d over 
t i m e . I c o n c u r w i t h P o l l a r d etal. (1987) t h a t , at pre
sent t i m e , the r a n d o m i z a t i o n test appears to be t h e 
best avai lable test f o r d e t e c t i n g d e n s i t y d e p e n d e n c e . 

Limitations of the randomization test 
T h e r e are a n u m b e r o f fac tors t h a t s h o u l d be c o n s i 
d e r e d w h i l e i n t e r p r e t i n g results f r o m t h e r a n d o m i 
z a t i o n test. I s h o u l d r e m a r k , h o w e v e r , t h a t n o n e o f 
t h e m seem to create sys temat i c biases t h a t w o u l d i n 
va l idate the p r o c e d u r e . 

Discussion 
U n t i l v e r y recent ly , assessment o f d e n s i t y d e p e n 
dence f r o m a series o f p o p u l a t i o n est imates has b e e n 

M e a s u r e m e n t e r r o r s 
E r r o r s o f m e a s u r e m e n t are k n o w n to bias t h e s lope 
o f t h e regress ion l i n e b e t w e e n dt a n d Xt M a e l z e r 
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1970; K u n o 1971; R o y a m a 1977). H o w e v e r , s u c h a 
d e p a r t u r e w i l l be present i n t h e s lope c a l c u l a t e d 
f r o m t h e o r i g i n a l sequence o f Xt, and i n t h e s lopes 
o b t a i n e d f r o m p e r m u t e d series o f Xt. A s t h e r a n d o 
m i z a t i o n test is based o n t h e c o m p a r i s o n o f b§ w i t h 
t h e d i s t r i b u t i o n o f l v a l u e s c o m p u t e d b y p e r m u t a t i 
o n , t h e test results s h o u l d be r e l a t i v e l y i n s e n s i t i v e to 
s a m p l i n g e r r o r . I n fact, i f w e assume t h a t e r r o r s o f 
m e a s u r e m e n t are c o m p a r a b l e a m o n g Xt values , 
t h e n t h e o v e r a l l v a r i a n c e o f Xt (e) a m o u n t s s i m p l y 
to the s u m o f the t r u e v a r i a n c e a n d the s a m p l i n g va
r i a n c e . A s s h o w n b y P o l l a r d etal. (1987), t h e r a n d o 
m i z a t i o n test is n o t affected b y d i f f e r i n g values o f e, 
except that h i g h o v e r a l l v a r i a n c e makes t h e detec
t i o n o f d e n s i t y d e p e n d e n c e m o r e d i f f i c u l t . 

S e r i a l c o r r e l a t i o n i n e 
A n a s s u m p t i o n o f the r a n d o m i z a t i o n test is t h a t c t 

be a sequence o f i n d e p e n d e n t n o r m a l l y d i s t r i b u 
t e d var iâ tes , r e p r e s e n t i n g t h e s t o c h a s t i c i t y ele
m e n t o f t h e s y s t e m . H o w e v e r , e.t m a y be sub
ject t o ser ia l d e p e n d e n c e i f , f o r e x a m p l e , 

Ct+1 = S e t + Mt 

w h e r e 6( < 1) is t h e ser ia l c o r r e l a t i o n c o n s t a n t a n d 
i u t a sequence o f i n d e p e n d e n t n o r m a l l y d i s t r i b u t e d 
variâtes. M a e l z e r (1970) s h o w e d t h a t a n y s e r i a l c o r 
r e l a t i o n i n e t , a n d b y e x t e n s i o n i n dt, biases t h e re
gress ion s l o p e bbecause changes mXt n o l o n g e r f o l 
l o w a f i r s t - o r d e r a u t o c o r r e l a t i o n m o d e l , b u t ins tead 
f o l l o w a s e c o n d - o r d e r a u t o c o r r e l a t i o n m o d e l ( R o y a 
m a 1977; R e d d i n g i u s 1990). H o w e v e r , t h e d e v i a t i o n 
o f b f r o m t h e t r u e s l o p e B is a f u n c t i o n o f t h e 
s i g n o f the ser ia l c o r r e l a t i o n p a r a m e t e r (8); negat ive 
values o f Bdecrease ^ w h e r e a s p o s i t i v e values increa 
se b. A c a r r y o v e r effect o f e n v i r o n m e n t a l i n f l u e n c e s , 
i f o c c u r r i n g at a l l i n u n g u l a t e s ( P i c t o n 1984; M e s s i e r 

1991a), s h o u l d be associated w i t h p o s i t i v e values o f 
9. T h u s , f o l l o w i n g a severe w i n t e r t h e rate-of-
increase o n e year later s h o u l d be s o m e w h a t l o w e r 
t h a n i t w o u l d have b e e n i f t h e w i n t e r h a d b e e n avera
ge. T h e net result o f ser ia l c o r r e l a t i o n a m o n g e t 

s h o u l d , therefore , p o s i t i v e l y bias b c a l c u l a t e d f r o m 
the o r i g i n a l sequence o f Xt, b u t n o t b va lues c o m p u 
ted f r o m p e r m u t e d sequences o f Xt (because here 
the ser ia l c o r r e l a t i o n a m o n g e t vanishes) . T h e above 
a r g u m e n t suggests t h a t t h e r a n d o m i z a t i o n test 
w o u l d u n d e r r a t e the i n t e n s i t y o f d e n s i t y d e p e n d e n 
ce i f se r ia l c o r r e l a t i o n o c c u r s . H o w e v e r , a r e j e c t i o n 
of H Q w o u l d r e i n f o r c e t h e c o n c l u s i o n t h a t d e n s i t y 
d e p e n d e n t m e c h a n i s m s a c t u a l l y operate . 

T i m e d e l a y 
O f t e n , t h e rate o f p o p u l a t i o n g r o w t h at t i m e t is de
p e n d e n t n o t o n l y o n c u r r e n t p o p u l a t i o n size (Xt), 
b u t also o n s o m e p r e v i o u s p o p u l a t i o n s ize (Xt_i, 
Xx_2, etc.). I n these c i r c u m s t a n c e s , f l u c t u a t i o n s i n 
a n i m a l n u m b e r s are n o t a r e a l i z a t i o n o f a p iece o f 
f i r s t - o r d e r M a r k o v c h a i n ( R e d d i n g i u s 1971). T h e 
i m p l i c a t i o n s o f p o p u l a t i o n m o d e l s that f o l l o w a se
c o n d o r u p p e r o r d e r process , o n t h e s e n s i t i v i t y o f 
the r a n d o m i z a t i o n test, have n o t b e e n eva lua ted . Se
c o n d o r d e r process , w h e r e dt is a f u n c t i o n o f Xt a n d 
Xt_i, o f t e n e x h i b i t c y c l i c f l u c t u a t i o n s i n n u m b e r s 
( R o y a m a 1977). T h i s i m p l i e s t h a t p l o t s o f dt o n Xt 

w i l l be charac ter i sed b y e l l i p s o i d a l ( c o u n t e r c l o c k 
wise ) pa t terns w i t h v a r i o u s degrees o f c o m p r e s s i o n 
t o w a r d s t h e m a j o r axis ( M a y et al. 197'4). T h u s , w e 
c a n safely generalise t h a t t h e presence o f a t i m e d e l a y 
w o u l d restr ic t the a p p l i c a t i o n s o f t h e r a n d o m i z a 
t i o n test because o f a p o o r l y d e f i n e d r e l a t i o n s h i p be
t w e e n dt a n d Xt (Ito 1972; R o y a m a 1977; H a n s k i 
a n d W o i w o d 1991). 

Table 1. Results of the randomizat ion and the permutat ion test using three statistics (7), w h e n applied to car ibou census 
data of F i g . 4. T w e r e ( l ) the product -moment correlat ion coefficient (r^) and (2) the slope (b) of the regression 
line between p o p u l a t i o n size (log e-values, Xt) and the exponential rates of growth (dt = X[+1 - Xt), and (3) the 
logari thmic range (L) of Xt values (Xm!lx - Xmm). Results include the observed statistic values (7* = r 0 , b0, and 
LQ) calculated f r o m the or ig inal sequence of Xt values, and the mean statistic values of 500 permutated series 
of dv T h e estimate of .Pis also given, i.e., the chance to refute H 0 (density independence hypothesis) w h i l e H 0 

is actually true. 

R a n d o m i z a t i o n test P e r m u t a t i o n test 

(T=rdx) ( T = L ) 

C a r i b o u h e r d r P h b P L P 

P u k a s k w a 0 .589 0.415 0.06 -0.6741 -0.3530 0.03 0.949 1.436 0.03 
A v a l o n 0.422 0.228 0.14 -0.0551 -0.0067 0.09 4 .400 4 . 4 0 0 1.00 
E x a m p l e 0 .762 0.197 ® 0.01 -0.1299 -0.0119 ® 0.01 1.354 1.361 0.77 
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L i n e a r m o d e l 
P o l l a r d etal. (1987) d e v e l o p e d t h e i r s ta t i s t i ca l p r o c e 
d u r e w i t h the a s s u m p t i o n t h a t t h e r e l a t i o n s h i p be
t w e e n dx a n d Xt is l i n e a r . H o w e v e r , I suspect , w i t h 
o u t p r e s e n t i n g a p r o o f , that t h e r a n d o m i z a t i o n test 
c a n be a p p l i e d o n the basis o f a c u r v i l i n e a r m o d e l 
w h e n i n s p e c t i o n o f res iduals a l o n g t h e regress ion 
l i n e reveals a p o o r f i t (e.g., P u k a s k w a h e r d , F i g . 5). 
A s f o r t h e l i n e a r m o d e l , r y x o f t h e c u r v i l i n e a r re
gress ion m o d e l ( m o r e a p p r o p r i a t e l y R&f) c a l c u l a t e d 
f r o m t h e o r i g i n a l sequence o f Xt, c a n be c o m p a r e d 
w i t h R va lues o b t a i n e d f r o m p e r m u t e d sequences o f 
dv H e r e , t h e h y p o t h e s i s o f d e n s i t y i n d e p e n d e n c e 
s h o u l d i m p l y that a l l c o r r e l a t i o n c o n s t a n t s ( B j , B 2 , 

etc.) e q u a l zero , a s s u m i n g i n f i n i t e s a m p l e sizes. F o r 
e x a m p l e , a p p l y i n g a q u a d r a t i c m o d e l to t h e P u k a s k 
w a data ( F i g . 5) a p p r e c i a b l y i m p r o v e s t h e f i t (R<ix — 
0.82, c o m p a r e d to 0.59 f o r t h e l i n e a r m o d e l ) , w i t h 
a r e j e c t i o n o f H 0 at P < 0 .01. 

Final remarks 
D e n s i t y d e p e n d e n c e is a c h i e v e d b y a c o m p l e x o f fac
tors w h o s e c o l l e c t i v e a c t i o n creates b o u n d e d p o p u 
l a t i o n f l u c t u a t i o n s ( B e r r y m a n etal. 1987; B e r r y m a n 
1991 ; D e A n g e l i s a n d W a t e r h o u s e 1987). T h e q u e s t i 
o n is n o t w h e t h e r d e n s i t y d e p e n d e n c e exists, f o r 
w i t h o u t i t , t h e r e c o g n i s e d pers is tence o f m o s t n a t u 
ra l p o p u l a t i o n s w o u l d be i n e x p l i c a b l e ( R o y a m a 
1977). R a t h e r , t h e goal is to assess (1) i n w h a t range 
of dens i t ies d o f e e d b a c k m e c h a n i s m s operate , a n d 
(2) w h a t are t h e p o p u l a t i o n processes i n v o l v e d ? A n y 
test o f d e n s i t y d e p e n d e n c e based o n a series o f c e n 
sus data c a n n o t address t h e later q u e s t i o n . F o r e x a m 
p l e , t h e a b r u p t d e c l i n e i n the rate-of- increase o f t h e 
P u k a s k w a h e r d at elevated dens i t ies ( F i g . 5) m a y be 
d u e to f o o d c o m p e t i t i o n , e m i g r a t i o n , o r s o m e f o r m 
o f i n t e r a c t i o n b e t w e e n the t w o fac tors . A n a p p r o 
p r i a t e test, h o w e v e r , w o u l d d i f ferent ia te b e t w e e n a 
p e r i o d o f u n l i m i t e d g r o w t h a n d a p e r i o d d u r i n g 
w h i c h m e c h a n i s m s o f p o p u l a t i o n r e g u l a t i o n are i n 
s t r u m e n t a l i n s t a b i l i z i n g n u m b e r s . 

U n l i m i t e d g r o w t h , o f t e n associated w i t h a g i v e n 
range o f densi t ies , does n o t i m p l y t h a t p r e v a i l i n g p o -
p u l a t i o n processes are l a r g e l y d e n s i t y - u n i n f l u e n c e d . 
It is i m p o r t a n t to stress t h a t t w o d e n s i t y - i n f l u e n c e d 
fac tors m a y have a n t a g o n i s t i c a c t i o n s o n p o p u l a t i 
o n g r o w t h . F o r e x a m p l e , at Isle R o y a l e , w o l f preda¬
t i o n a n d f o o d c o m p e t i t i o n exert o p p o s i t e i n f l u e n c e s 
o n m o o s e d u r i n g p e r i o d s o f m o d e r a t e d e n s i t y ( M e s 
s ier 1991a). T h e net effect o f t w o p o p u l a t i o n proces 
ses w i t h o p p o s i t e a c t i o n s is to m a k e t h e rate-of-
increase l a r g e l y i n s e n s i t i v e to changes i n d e n s i t y 
(i.e., w e a k d e n s i t y d e p e n d e n c e ) , a t y p e o f i n t e r a c t i o n 

associated w i t h t h e u n n e c e s s a r y c o n c e p t o f 
" d e n s i t y - v a g u e " p o p u l a t i o n r e g u l a t i o n ( S t r o n g 
1984, 1986). 

S o m e e c o l o g i s t s ob jec t to the n o t i o n o f " e q u i l i b r i 
u m " that u n d e r l i e s m o s t tests o f d e n s i t y d e p e n d e n c e 
( W o l d a 1989). A l o n g - t e r m e q u i l i b r i u m d e n s i t y is 
s i m p l y a m a t h e m a t i c a l a b s t r a c t i o n i l l u s t r a t i n g t h e 
fact that a p o p u l a t i o n t r a j e c t o r y o v e r t i m e w o u l d 
t e n d to c o n v e r g e t o w a r d t h a t e q u i l i b r i u m ( B e r r y 
m a n 1991). T h e m o d e r n v i e w o f p o p u l a t i o n d y n a 
m i c s recognises t h e l a b i l i t y o f e q u i l i b r i u m p o i n t s 
d u e to s t o c h a s t i c effects, a n d t h e fact that e q u i l i b r i a 
c a n be u n s t a b l e o r m u l t i p l e ( D e A n g e l i s a n d W a t e r -
h o u s e 1987; B e r r y m a n et al. 1987; S i n c l a i r 1989). I n 
t h a t p e r s p e c t i v e , o n e o f t h e basic q u e s t i o n s i n s tudies 
o f p o p u l a t i o n d y n a m i c s is n o t s i m p l y to d e t e r m i n e 
w h e t h e r t h e d e n s i t y o f a n i m a l s is r e g u l a t e d o r n o t , 
b u t to assess t h e re la t ive i m p o r t a n c e o f d e n s i t y -
d e p e n d e n t a n d d e n s i t y - i n d e p e n d e n t processes i n 
changes o f p o p u l a t i o n size o v e r t i m e (Schaefer a n d 
M e s s i e r 1991). 
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Appendix I 
S u m m a r y of caribou census data for the P u k a s k w a herd 
i n O n t a r i o (Bergerud 1989, A . T. Bergerud pers. comm.) 
and the A v a l o n herd i n N e w f o u n d l a n d (Bergerud 1971, 
Bergerud et al. 1983, Mercer et al. 1985, and S. M a h o n e y 
pers. comm.) . Data for a hypothetical example m i m i c k i n g 
an expanding herd are also summarized. 

P u k a s k w a A v a l o n E x a m p l e 
TV Year TV Y e a r TV Y e a r 

15 1972 71 1956 10.0 1 

15 1973 86 1957 12.1 2 

15 1974 111 1958 13.4 3 

18 1975 206 1959 16.6 4 

22 1976 350 1961 18.3 5 
22 1977 409 1962 19.4 6 

26 1978 508 1964 23.4 7 
31 1979 518 1965 24 .7 8 

20 1980 650 1966 26.5 9 
28 1981 720 1967 26.8 10 
17 1982 1050# 1970 26.9 11 

22 1983 1500# 1975 30.3 12 
26 1984 2050# 1977 32.4 13 
22 1985 3000 1979 32.1 14 

24 1986 5099 1984 34.0 15 
30 1987 5782 1990 36.9 16 
12 1988 35.3 17 

14 1989 35 .7 18 
20 1991 37.5 19 

37.9 20 
38.8 21 

a Es t imated f r o m F i g . 2 of Bergerud et al. 1983. 
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