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CANOPY GAP CHARACTERISTICS AND TREE REPLACEMENT IN THE
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Abstract. This study identifies patterns in the gap disturbance regime along a succes-
sional gradient in the southern boreal forest and uses this information to investigate canopy
composition changes. Gaps were characterized in hardwood, mixed-forest, and conifer
stands surrounding Lake Duparquet in northwestern Quebec. From 39 to 80 gaps were
evaluated along transects established in each of these stands. The abundance of gap makers
and gap fillers and total regeneration was evaluated by species, as well as the size of each
gap encountered along the transects. The percentage of the forest in canopy gap was cal-
culated directly from the proportion of the transect in gap and by using gap area and line-
intercept techniques. Changes in composition were evaluated from gap-maker and gap-
filler distributions and by using transition matrices based on species mortality and regen-
eration in canopy gaps.

The percentage of the forest in canopy gap ranges from 7.1% in a 50-yr-old forest
dominated primarily by aspen to 40.4% in a 234-yr-old fir-dominated forest. Gap events
are due to individual or small-group tree mortality in the early successional forest but
become species-specific events controlled by spruce budworm outbreaks in the later stages
of succession. Due to the high latitude, direct light only reaches the forest floor in the very
largest gaps of the conifer-dominated stands. However, these gaps form slowly as budworm-
caused mortality occurs over a number of years, whereas in aspen-dominated stands gaps
are formed quickly by the snapping of tree stems. Balsam fir is the most abundant gap-
filling species; however, its abundance is negatively correlated to gap size in all stand types.
Markovian transition matrices suggest that in the young aspen-dominated forests small gaps
lead to species replacment by more shade-tolerant conifers but that in the oldest forests
the larger gaps will result in maintenance of the intolerant species and an increase in the
abundance of cedar.

Key words: balsam fir; boreal forest disturbance regimes; canopy composition; canopy gaps;
canopy turnover times; cedar; gap characteristics along a successional gradient; gap size distributions;
gap makers and gap fillers; regeneration of trees and forest; spruce budworm-caused gaps; trembling
aspen.

INTRODUCTION
In forests where large-scale disturbances are rare,

stand dynamics are controlled by the creation of gaps
due to single or multiple overstory-tree mortality. It is
within these openings that newly established seedlings
or advance regeneration will be recruited to the canopy.
Gap dynamics have been described for tropical forests
(Whitmore 1978, Brokaw 1985, 1987, Denslow 1987,
Lawton and Putz 1988), temperate hardwood forests
(Barden 1981, Runkle 1981, 1982, 1990, Runkle and
Yetter 1987, Krasny and Whitmore 1992), temperate
coniferous forests of western North America (Stewart
1986, Spies et al. 1990), and coniferous montane or
subalpine forests (Foster and Reiners 1986, Worral and
Harrrington 1988, Lertzman and Krebs 1991, Lertzman
1992, Yamamoto 1993, Battles et al. 1995, Battles and
Fahey 1996). Although some research has been con-
ducted on boreal forests in Europe (Leemans 1991,
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Qinghong and Hytteborn 1991, Kuuluvainen 1994), in
North American boreal forests the influence of gaps
has usually been ignored due to the pervasive nature
of large-scale disturbances such as fire (Heinselman
1981, Bergeron 1991, Johnson 1992).
Numerous studies have demonstrated examples of

species replacement within different regions of the bo-
real forest (Carleton and Maycock 1978, Bergeron and
Dubuc 1989). Although the replacement of overstory
pioneer species by understory trees has thus been ac-
knowledged, it has rarely been studied. In young boreal
forest stands, intolerant species such as trembling aspen
(Populus tremuloidesMichx.) dominate. Over time (af-
ter fire) these stands develop into mixed stands as more
shade-tolerant conifers replace the pioneers. If succes-
sion is allowed to continue the resulting forests will be
dominated primarily by these more shade-tolerant co-
nifers. This successional model has been developed
from observations of stand chronosequences. Recent
work has, however, shown that a second rotation of
aspen occurs before stand conversion to conifers (Paré
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a n d  B er g er o n 1 9 9 5), s u g g e sti n g t h e i m p ort a n c e of g a p
o p e ni n g s  wit h a li g ht e n vir o n m e nt s uffi ci e nt t o p er mit
r e cr uit m e nt of t h e i nt ol er a nt a s p e n.

N o n et h el e s s, st a n d c o n v er si o n t o c o nif er s o c c ur s
gr a d u all y if t h e i nt er-fir e p eri o d i s s uffi ci e ntl y l o n g.
Wit h r e c e nt r e s e ar c h s u g g e sti n g t h at t h e fir e r et ur n i n-
t er v al i s b ei n g e xt e n d e d ( B er g er o n 1 9 9 1, J o h n s o n
1 9 9 2,  B er g er o n a n d  Ar c h a m b a ult 1 9 9 3), a n i n cr e a s-
i n gl y l ar g e pr o p orti o n of t h e f or e st (if n ot c ut)  will
att ai n ol d- gr o wt h st at u s.  At t hi s st a g e i n di vi d u al or
gr o u p tr e e  m ort alit y  will d o mi n at e a n d g a p- p h a s e pr o-
c e s s e s  will b e r e s p o n si bl e f or  m ai nt ai ni n g t h e f or e st
c a n o p y ( Oli v er 1 9 8 1,  Oli v er a n d  L ar s o n 1 9 9 0,  R u n kl e
1 9 9 1). I n t h e e a st er n p art of t h e s o ut h er n b or e al f or e st
t h e s e  m at ur e a n d ol d st a n d s ar e d o mi n at e d b y b al s a m
fir (A bi e s b al s a m e a ( L.)  Mill.), a s p e ci e s t h at i s hi g hl y
v ul n er a bl e t o s pr u c e b u d w or m o ut br e a k s.  T h e a b u n-
d a n c e of b al s a m fir h a s i n cr e a s e d t hi s c e nt ur y d u e t o
d e cr e a s e d fir e fr e q u e n c y a n d c h a n g e s i n ti m b er h ar-
v e sti n g  m et h o d s.  R etr o s p e cti v e st u di e s s u g g e st t h at
b u d w or m o ut br e a k s ar e n o w h a vi n g a gr e at er i m p a ct
o n t h e f or e st t h a n i n t h e e arli er p art of t h e c e nt ur y ( Bl ai s
1 9 8 3,  M ori n et al. 1 9 9 3).

R e s e ar c h fr o m e a st er n fir f or e st s s u g g e st s t h at s pr u c e
b u d w or m o ut br e a k s l e a d t o a c y cli n g of b al s a m fir f or-
e st s ( B a s k er vill e 1 9 7 5,  M a cl e a n 1 9 8 4, 1 9 8 8), t h u s
m ai nt ai ni n g t h e cli m a x f or e st.  H o w e v er, i n t h e  m or e
s p e ci e s-ri c h f or e st s of  w e st er n  Q u e b e c a n d e a st er n  O n-
t ari o,  G h e nt et al. ( 1 9 5 7) n ot e d t h at o p e ni n g s c a u s e d
b y t h e b u d w or m f a v or e d b al s a m fir i n s o m e r e gi o n s
a n d  w hit e s pr u c e ( Pi c e a gl a u c a ( M o e n c h)  A.  V o s s) i n
ot h er s. I n  Mi n n e s ot a, s pr u c e  w a s f o u n d t o r e cr uit i n
l o w b ut c o n si st e nt n u m b er s  wit h fir r e g e n er ati o n d e-
p e n d e nt o n t h e pr e s e n c e of n o n- h o st tr e e s a n d t h e pr o-
p orti o n of o v er st or y fir  m ort alit y or g a p i nt e n sit y ( B at z-
er a n d P o p p 1 9 8 5).  H o w e v er, i n n o n e of t h e s e c a s e s i s
t h e e x pli cit eff e ct of g a p si z e o n tr e e r e cr uit m e nt i n-
v e sti g at e d.

G a p si z e h a s n ot o nl y b e e n p o siti v el y c orr el at e d  wit h
r e s o ur c e a v ail a bilit y ( C a n h a m a n d  M ar k s 1 9 8 5), b ut
gr a di e nt s of g a p si z e h a v e al s o b e e n pr o p o s e d a s i m-
p ort a nt el e m e nt s i n d et er mi ni n g t h e c o m p o siti o n of
g a p-filli n g s p e ci e s i n tr o pi c al f or e st s ( Br o k a w 1 9 8 5,
1 9 8 7,  W hit m or e 1 9 8 9). I n d e e d s u c h t h e ori e s h a v e b e e n
i n v o k e d t o at l e a st p arti all y e x pl ai n t h e  m ai nt e n a n c e
of tr o pi c al-f or e st tr e e s p e ci e s di v er sit y ( D e n sl o w
1 9 8 7).  G a p s of diff eri n g si z e  m a y al s o e x pl ai n diff er e nt
s u c c e s si o n al p att er n s f o u n d  wit h ti m e si n c e fir e i n b o-
r e al f or e st st a n d s.  H o w e v er, t o d at e t h e o nl y p art of t h e
N ort h  A m eri c a n b or e al f or e st g a p r e gi m e t h at h a s b e e n
a d e q u at el y st u di e d i s t h e p eri o di cit y of s pr u c e b u d-
w or m- c a u s e d  m ort alit y ( 2 5 – 3 0 yr i n o ur st u d y ar e a
[ M ori n et al. 1 9 9 3]).

T o b ett er u n d er st a n d i nt er-fir e st a n d d y n a mi c s it i s
i m p ort a nt t o e v al u at e g a p c h ar a ct eri sti c s a s t h e y c h a n g e
fr o m r a n d o m  m ort alit y a s tr e e s s e n e s c e t o b u d w or m-
c a u s e d  m ort alit y.  T hi s st u d y t h er ef or e att e m pt s t o e v al-
u at e diff er e n c e s i n t h e g a p si z e- cl a s s di stri b uti o n, a s

w ell a s  m ort alit y a n d r e cr uit m e nt p att er n s i n g a p s i n a
s e cti o n of t h e s o ut h er n b or e al f or e st.  We c o n d u ct e d t h e
st u d y al o n g a c hr o n o s e q u e n c e i n a n att e m pt t o e x pl ai n
a n d pr e di ct f or e st c o m p o siti o n al c h a n g e.

S T U D Y A R E A

O ur st u d y  w a s c o n d u ct e d i n n ort h w e st er n  Q u e b e c,
i n t h e f or e st s s urr o u n di n g  L a k e  D u p ar q u et, at a l atit u d e
b et w e e n 4 8 1 5 a n d 4 8 3 0 N a n d a l o n git u d e of 7 9 1 5
a n d 7 9 3 0 W.  T hi s r e gi o n, k n o w n a s  Q u e b e c a n d  O n-
t ari o’s n ort h er n cl a y b elt, i s c h ar a ct eri z e d b y cl a y d e-
p o sit s fr o m t h e p o st- gl a ci al l a k e s  B arl o w a n d  Oji b w a y
( Vi n c e nt a n d  H ar d y 1 9 7 7).  T h e st u d y r e gi o n i s d o mi-
n at e d b y a r olli n g cl a y l o wl a n d i nt er s p er s e d b y s m all
r o c k y hill s u p t o 5 5 0  m i n h ei g ht o v erl ai n  wit h r e-
w or k e d till d e p o sit s ( B er g er o n et al. 1 9 8 3).  T h e cli m at e
c a n b e cl a s sifi e d a s c ol d a n d c o nti n e nt al,  wit h a n a n n u al
a v er a g e t e m p er at ur e of 0. 8 C a n d  wit h a n a v er a g e a n-
n u al pr e ci pit ati o n of 8 5 7  m m ( A n o n y m o u s 1 9 9 3).  T h e
a v er a g e n u m b er of fr o st-fr e e d a y s i s 6 4, alt h o u g h fr o st
c a n o c c ur at a n y ti m e d uri n g t h e gr o wi n g s e a s o n ( A n o n-
y m o u s 1 9 9 3).

L a k e  D u p ar q u et i s l o c at e d at t h e s o ut h er n li mit of
t h e b or e al f or e st i n t h e b al s a m fir – w hit e bir c h cli m a x
r e gi o n ( T hi b a ult a n d  H ott e 1 9 8 5) or i n  R o w e’s ( 1 9 7 2)
Mi s si n ai bi- C a b o n g a s e cti o n  w h er e a n a s s o ci ati o n of
b al s a m fir, bl a c k s pr u c e ( Pi c e a  m a ri a n a ( Mill.)  B S P.),
a n d  w hit e s pr u c e  wit h p a p er bir c h ( B et ul a p a p y rif e r a
M ar s h.) a n d tr e m bli n g a s p e n d o mi n at e s. J a c k pi n e ( Pi-
n u s b a n k si a n a L a m b.)  m a y al s o b e pr e s e nt o n s o m e
sit e s, a n d,  w h er e fir e h a s n ot o c c urr e d f or l o n g p eri o d s,
w hit e c e d ar ( T h uj a o c ci d e nt ali s L.)  m a y b e a b u n d a nt
( B er g er o n a n d  D u b u c 1 9 8 9).

T h e fir e hi st or y of st a n d s i n t h e  L a k e  D u p ar q u et ar e a
h a s b e e n r e c o n str u ct e d u si n g d e n dr o e c ol o gi c al t e c h-
ni q u e s ( B er g er o n 1 9 9 1,  D a n s er e a u a n d  B er g er o n
1 9 9 3). F o ur of t h e fir e y e ar s, 1 7 6 0, 1 8 4 7, 1 8 7 0, a n d
1 9 1 6, r e pr e s e nti n g c o nif er,  mi x e d- c o nif er,  mi x e d- h ar d-
w o o d, a n d h ar d w o o d st a n d s, r e s p e cti v el y,  w er e r e-
t ai n e d f or u s e i n t hi s st u d y:  G a p s a m pli n g  w a s al s o
c o n d u ct e d i n st a n d s d ati n g fr o m fir e s i n 1 9 4 4, 1 8 2 3,
a n d 1 7 9 7.  T h e fir e c y cl e h a s c h a n g e d fr o m a n e sti m at e d
6 3 yr f or t h e pr e- 1 8 7 0 p eri o d t o 9 9 yr i n t h e c urr e nt
p eri o d. S pr u c e b u d w or m e pi d e mi c s h a v e b e e n r e c o n-
str u ct e d b y  M ori n et al. ( 1 9 9 3),  wit h t h e 1 9 7 2 – 1 9 8 7
o ut br e a k r e s ulti n g i n t h e d e at h of  m o st of t h e fir tr e e s
( B er g er o n et al. 1 9 9 5).  D ef oli ati o n d u e t o a 1 9 5 0’s
f or e st t e nt c at er pill ar o ut br e a k h a s al s o b e e n d o c u-
m e nt e d a s c a u si n g a si g nifi c a nt h ar d w o o d gr o wt h d e-
cr e a s e ( B er g er o n a n d  C h arr o n 1 9 9 4). F or e st h ar v e sti n g
w a s u ni m p ort a nt u ntil l ar g e- s c al e cl e ar c ut s b e g a n i n
t h e  w e st er n p art of t h e r e gi o n i n 1 9 7 8.

M E T H O D S

C a n o p y o p e n n e s s  w a s e v al u at e d al o n g 3 – 8 tr a n s e ct s
e a c h l o c at e d i n f or e st s t h at ori gi n at e d f oll o wi n g fir e s
i n 1 7 6 0, 1 7 9 7, 1 8 2 3, 1 8 4 7, 1 8 7 0, 1 9 1 6, a n d 1 9 4 4.  R ef-
er e n c e s t o st a n d a g e ar e t o t h e ti m e si n c e fir e a s c al-
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T A B L E 1.  St a n d c o m p o siti o n i n t h e s o ut h er n b or e al f or e st s urr o u n di n g  L a k e  D u p ar q u et, n ort h-
w e st er n  Q u e b e c,  C a n a d a, a n d c h ar a ct eri sti c s of t h e diff er e nt s p e ci e s of c a n o p y tr e e s, b y ti m e
si n c e t h e f or e st l a st b ur n e d.  D at a ar e  m e a n s 1 S D .

Ti m e
si n c e fir e

( yr)  B al s a m fir  W hit e s pr u c e  A s p e n  Bir c h  C e d ar

A)  B a s al ar e a ( m 2 / h a)

5 0
7 8

1 2 4
1 4 7

4. 2 5. 1
5. 9 4. 2
7. 5 4. 7

1 5. 5 5. 5

0. 6 1. 6
1. 7 3. 6
4. 5 4. 5
5. 6 5. 4

1 3. 7 1 6. 1
1 7. 3 1 5. 8
1 4. 9 1 2. 8
1 6. 7 1 1. 8

9. 4 7. 0
8. 4 6. 7
7. 8 5. 6
5. 4 4. 2

0. 3 0. 8
0. 8 1. 1
0. 0 0. 2
0. 2 0. 6

1 7 1
1 9 7
2 3 4

1 2. 8 5. 8
1 0. 6 8. 3
1 3. 4 7. 4

2. 4 3. 3
2. 0 2. 6
2. 3 3. 3

1 2. 1 1 1. 1
0. 8 2. 7
3. 4 7. 3

4. 7 3. 5
9. 4 8. 1
6. 9 6. 6

0. 4 0. 8
0. 9 1. 0
1. 5 1. 3

B)  D e n sit y ( n o. tr e e s/ h a)

5 0 5 1 4 5 2 0 4 2 8 6 4 4 7 6 2 1 8 7 4 5 9 8 7 3 1
7 8

1 2 4
1 4 7

7 4 6 5 2 7
7 3 0 4 3 4

2 0 5 5 7 5 4

1 3 2 1 5 2
1 5 8 1 1 3
1 4 8 1 2 9

3 9 7 4 6 9
6 1 7 5 6 6
3 8 6 3 2 4

6 8 3 4 9 2
2 9 5 1 8 0
1 9 1 1 7 6

3 3 8 6
3 2 3

3 2 1 1 7
1 6 1
1 9 7
2 3 4

1 2 0 0 5 2 3
1 2 6 6 7 2 5
1 1 9 0 5 5 5

8 6 9 0
1 0 6 1 3 0
6 6 7 6

3 9 9 5 1 6
1 4 5 5
6 9 1 5 6

2 1 5 2 2 3
3 6 0 3 9 5
2 4 4 3 6 7

3 2 4 0
1 3 2 1 4 5
3 3 8 3 5 2

c ul at e d fr o m fir e s c ar s.  At e a c h  m et er al o n g t h e s e tr a n-
s e ct s t h e c a n o p y  w a s e v al u at e d a s f or e st cr o w n ( c o v-
er e d) or o p e n ( d u e t o t h e  m ort alit y of a n a d ult tr e e).
Fr o m 2. 5 t o 8. 4 k m of tr a n s e ct s  w er e e st a bli s h e d i n
e a c h st a n d t o c al c ul at e c a n o p y- g a p p er c e nt a g e s. St a n d
c o m p o siti o n  w a s e v al u at e d b y  m e a s uri n g t h e b a s al ar e a
a n d d e n sit y of tr e e s i n 2 5 6- m 2 q u a dr at s pl a c e d at fi x e d
i nt er v al s al o n g t h e tr a n s e ct s; it i s di s pl a y e d i n  Ta bl e 1.

I n f or e st s t h at ori gi n at e d f oll o wi n g t h e 1 7 6 0, 1 8 4 7,
1 8 7 0, a n d 1 9 1 6 fir e s,  m or e d et ail e d s a m pli n g of g a p s
(n 8 0, 4 6, 4 6, a n d 3 9 r e s p e cti v el y) al o n g t hr e e t o
fi v e tr a n s e ct s  w a s u s e d t o e v al u at e g a p si z e, e x p a n d e d
g a p si z e, s p e ci e s of b or d er tr e e s, tr e e  m ort alit y, a n d
r e cr uit m e nt. G a p s w er e d efi n e d a s ‘‘t h e v erti c al pr o-
j e cti o n of a c a n o p y o p e ni n g, c a u s e d b y t h e  m ort alit y
of o n e or  m or e tr e e s, o nt o t h e gr o u n d’’ ( a s v erifi e d
u si n g a cli n o m et er t o e n s ur e v erti c al si g hti n g s), a n d
e x p a n d e d g a p s a s ‘‘t h e ar e a cir c u m s cri b e d b y t h e st e m
of t h o s e tr e e s  w h o s e cr o w n s d efi n e t h e g a p’’ ( R u n kl e
1 9 8 2). I n t h e d at a pr e s e nt e d i n t hi s p a p er, e x p a n d e d
g a p ar e a s a n d pr o p orti o n s i n cl u d e g a p ar e a.  G a p ar e a
w a s e v al u at e d u si n g t h e f or m ul a f or a n elli p s e f or s m all,
r e g ul arl y s h a p e d g a p s, a n d b y a  m o difi e d  m et h o d of
s u bt e n di n g e xtr a  wi dt h  m e a s ur e m e nt s fr o m t h e c e ntr al
l o n g a xi s a s n e c e s s ar y t o c a pt ur e t h e f or m of l ar g er
a n d/ or irr e g ul arl y s h a p e d g a p s.

F or e a c h of t h e s e g a p s, t h e s p e ci e s a n d n u m b er of
all b or d eri n g tr e e s  w er e n ot e d.  T h e n u m b er, s p e ci e s,
a n d r el ati v e si z e cl a s s of all d e a d tr e e s, b ot h st a n di n g
a n d f all e n,  w er e al s o r e c or d e d.  R e g e n er ati o n  w a s c o m-
pl et el y c e n s u s e d b y s p e ci e s i n t h e s m all er g a p s ( 1 0 0
m 2 ) a n d  w a s s a m pl e d i n a t w o- m- wi d e b a n d al o n g t h e
g a p a x e s f or t h e l ar g er ( 1 0 0  m 2 ) g a p s.  T h e r e g e n er-
ati o n  w a s di vi d e d i nt o t w o cl a s s e s: s e e dli n g r e g e n er-
ati o n a n d g a p fill er s. S e e dli n g r e g e n e r ati o n w a s d efi n e d
a s ‘‘ st e m s 1  m i n h ei g ht,’’ a n d i s a n o bj e cti v e e v al-
u ati o n c o m p ar a bl e t o ot h er r e g e n er ati o n st u di e s.  T h e

g a p-fill er c at e g or y i s a n att e m pt, si mil ar t o t h at of
L ert z m a n ( 1 9 9 2), t o a s s e s s t h o s e i n di vi d u al s t h at d u e
t o t h eir h ei g ht, gr o wt h r at e s a n d g o o d f or m  will h a v e
a b ett er pr o b a bilit y of  m a ki n g it t o t h e c a n o p y. G a p-
fill e r s w er e d efi n e d a s ( m o difi e d fr o m crit eri a u s e d f or
Briti s h  C ol u m bi a  Mi ni str y of F or e st r e g e n er ati o n a n d
fr e e-t o- gr o w s ur v e y s) ‘‘ s e e dli n g s or s a pli n g s of g o o d
f or m, 1  m i n h ei g ht a n d 5 c m i n di a m et er at br e a st
h ei g ht, fr e e of c o m p etiti o n, a n d at l e a st 5 0 c m fr o m
t h e n e ar e st si mil ar i n di vi d u al of t h e s a m e s p e ci e s.’’

T h e p er c e nt a g e of t h e f or e st i n c a n o p y o p e ni n g  w a s
c al c ul at e d f oll o wi n g  R u n kl e ( 1 9 8 5, 1 9 9 2) a s t h e pr o-
p orti o n of t h e t ot al di st a n c e of t h e tr a n s e ct i n c a n o p y
o p e ni n g di vi d e d b y t h e l e n gt h of t h e tr a n s e ct. F or tr a n-
s e ct s  w h er e t h e si z e of t h e c a n o p y g a p  w a s  m e a s ur e d,
t h e s e c al c ul ati o n s c a n b e c o m p ar e d  wit h t h e g a p p er-
c e nt a g e c al c ul at e d u si n g t h e li n e-i nt er c e pt  m et h o d
( D e Vri e s 1 9 7 4 a s cit e d i n  R u n kl e 1 9 9 2), i n  w hi c h

n X1 j
e (X )

L dj 1 j

w h er e e (X ) e sti m at e of t h e pr o p orti o n of t h e f or e st
i n c a n o p y g a p, L t h e l e n gt h of t h e tr a n s e ct, X j

ar e a of t h e jt h g a p, a n d d j t h e di a m et er of t h e t h e
jt h g a p.

T hi s t e c h ni q u e c a n al s o b e  m o difi e d t o c al c ul at e t h e
d e n sit y of g a p s p er h e ct ar e  wit hi n diff er e nt si z e cl a s s e s
a s

n1 1
4D e nsit y/ h a 1 0

L dj 1 j

f or j 1, . . . , n g a p s of a gi v e n si z e cl a s s.
G a p si z e- cl a s s di stri b uti o n s a n d g a p di a m et er t o tr e e

h ei g ht di stri b uti o n s  w er e c o m p ar e d u si n g  K ol m o g or o v-
S mir n o v t e st s.  T h e g a p-fill er a n d all ot h er r e g e n er ati o n
d at a f or  m o st s p e ci e s c o ul d n ot b e n or m ali z e d u si n g
e c ol o gi c all y  m e a ni n gf ul tr a n sf or m ati o n s a n d t h u s r e-
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T A B L E 2.  G a p a n d e x p a n d e d g a p si z e c h ar a ct eri sti c s f or diff er e nt- a g e d b or e al f or e st s i n n ort h-
w e st er n  Q u e b e c.

G a p ar e a E x p a n d e d g a p ar e a

F or e st
a g e ( yr) F or e st t y p e

T ot al
( %)

R a n g e ( m 2 )

Mi n.  M a x.
T ot al
( %)

R a n g e ( m 2 )

Mi n.  M a x.

5 0
7 8

1 2 4
1 4 7
1 7 1

H ar d w o o d

Mi x e d

7. 1
1 1. 3
1 8. 7
2 4. 4
2 8. 2

N A

4. 1
6. 3
4. 4
N A

N A

2 1 4
3 9 0

1 2 0 0
N A

N A

1 9
2 6. 1
3 2
N A

N A

1 9. 5
3 4. 4
1 1. 6

N A

N A

4 3 4
5 7 7

1 4 5 0
N A

1 9 7
2 3 4  C o nif er

3 5. 3
4 0. 9

N A

1 0. 2
N A

3 0 9 0
N A

5 3. 9
N A

3 5. 8
N A

3 4 8 0

N ot e s: M a x. m a xi m u m,  Mi n. mi ni m u m; N A n ot a v ail a bl e.

l ati o n s hi p s b et w e e n a d v a n c e r e g e n er ati o n a n d g a p si z e
b y s p e ci e s a n d b y st a n d a g e  w er e t e st e d u si n g a S p e ar-
m a n c orr el ati o n t e st.

T o e v al u at e t h e p ot e nti al eff e ct of g a p s o n s u c c e s-
si o n,  M ar k o vi a n tr a n siti o n pr o b a biliti e s  w er e u s e d,
wit h i n di vi d u al g a p s a s t h e e ntit y of e v al u ati o n r at h er

t h a n i n di vi d u al tr e e s.  T hi s a p pr o a c h d o e s n ot pr e s u p-

p o s e tr e e  m ort alit y a n d s u b s e q u e nt tr e e r e pl a c e m e nt

b ut b a s e s tr a n siti o n s o n c urr e ntl y o b s er v e d r e pl a c e m e nt

pr o c e s s e s.  R e pl a c e m e nt pr o b a biliti e s  w er e c al c ul at e d

f or t h e y o u n g e st h ar d w o o d st a n d, t h e c o m bi n e d ( 1 4 7-

a n d 1 7 0- yr)  mi x e d st a n d s ( si n c e t h e di stri b uti o n s of t h e

pr o p orti o n of f or e st i n g a p di a m et er t o c a n o p y h ei g ht

cl a s s e s  w er e n ot st ati sti c all y diff er e nt,  K ol m o g or o v-

S mir n o v t e st P 0. 0 5) a n d t h e ol d e st 2 3 4- yr- ol d c o-

nif er- d o mi n at e d st a n d. It h a s b e e n d e m o n str at e d t h at

st ati o n ar y  M ar k o vi a n  m o d el s d o n ot pr o vi d e a c c ur at e

pr e di cti o n s t hr o u g h o ut s u c c e s si o n d u e t o c h a n gi n g

tr a n siti o n pr o b a biliti e s ( Bi n kl e y 1 9 8 0,  B ell efl e ur

1 9 8 1).  T h u s, o nl y o n e it er ati o n f or e a c h  m o d el  w a s

p erf or m e d o n c urr e nt c o m p o siti o n.  R e pl a c e m e nt pr o b-

a biliti e s f or e a c h s p e ci e s  w er e c al c ul at e d b a s e d o n t h e

pr o p orti o n s, b y s p e ci e s, of g a p fill er s t o g a p  m a k er s i n

e a c h g a p.  T h e s e i n di vi d u al g a p pr o b a biliti e s  w er e t h e n

p o ol e d b y g a p si z e cl a s s.  T h e s a m e pr o c e d ur e  w a s t h e n

f oll o w e d t o c al c ul at e s e e dli n g r e g e n er ati o n t o g a p-

m a k er pr o p orti o n s.  T h e pr o p orti o n of f or e st ar e a i n

e a c h g a p si z e cl a s s  w a s t h e n u s e d t o  w ei g ht t h e pr o-

p orti o n s b ef or e s u m mi n g t h e m t o g et t h e o v er all tr a n-

siti o n pr o b a biliti e s.

S u c c e s si o n al c h a n g e i n t h e tr e e l a y er i s a f u n cti o n

of b ot h c o m p o siti o n al c h a n g e s i n g a p s a n d c a n o p y t ur n-

o v er ti m e s.  T h e s e t ur n o v er ti m e s c a n b e c al c ul at e d b y

di vi di n g t h e ti m e t a k e n t o fill a g a p ( T fill) b y t h e pr o-

p orti o n of t h e f or e st i n g a p.  T h e s e c al c ul ati o n s  w er e

m a d e u si n g t h e a s s u m pti o n t h at g a p s  w er e fill e d  w h e n

g a p fill er s r e a c h a h ei g ht of 7  m a n d u si n g st e m a n al y si s

d at a fr o m t h e r e gi o n ( Y.  B er g er o n, u n p u bli s h e d d at a ).

T h e s e d at a s h o w t h at fill ti m e s v ar y  wit h st a n d a g e. I n

t h e y o u n g er f or e st s T fill a p pr o a c h e s 3 0 yr  w h er e a s i n

t h e ol d er f or e st s T fill i s 1 5 yr.

R E S U L T S

G a p c h a r a ct e ri sti c s

T h e p er c e nt a g e of t h e f or e st i n c a n o p y g a p r a n g e d
fr o m 7. 1 % i n t h e 5 0- yr- ol d st a n d t o 4 0. 4 % i n t h e st a n d
t h at b ur n e d 2 3 4 yr a g o ( Ta bl e 2).  T h e pr o p orti o n of
t h e f or e st i n e x p a n d e d g a p  w a s 8 – 1 3 % hi g h er. I n r el-
ati v e t er m s t h e pr o p orti o n of f or e st i n e x p a n d e d g a p
w a s gr e at er i n t h e y o u n g er f or e st s d u e t o t h e l ar g er
si z e d cr o w n s of t h e o v er st or y a s p e n.  T h e l ar g e st g a p s
w er e f o u n d i n t h e ol d e st c o nif er- d o mi n at e d f or e st s, al-
t h o u g h g a p b o u n d ari e s f or g a p s 1 0 0 0  m 2 i n t h e s e
f or e st s  w er e s o m e w h at ar bitr ar y d u e t o t h e l ar g e si z e
of t h e g a p s a n d t h e h et er o g e n e o u s o p e n n at ur e of t h e s e
ol d er f or e st s.  R e si d u al tr e e s  w er e al s o o c c a si o n all y
f o u n d  wit hi n t h e l ar g er g a p s.

G a p si z e di stri b uti o n s s h o w t h at, i n t h e all b ut t h e
ol d e st f or e st, t h e  m aj orit y of g a p s ar e f o u n d i n t h e
s m all e st si z e cl a s s e s ( Fi g. 1). I n t h e ol d e st f or e st t h e
g a p s ar e  m or e e v e nl y a n d c o nti n u o u sl y di stri b ut e d
t hr o u g h o ut t h e si z e cl a s s e s.  G a p di stri b uti o n s f or e a c h
of t h e f o ur st u di e d f or e st s  w er e si g nifi c a ntl y diff er e nt
( K ol m o g or o v- S mir n o v t e st s, P 0. 0 1).

It h a s oft e n b e e n s u g g e st e d t h at si m pl e  m e a s ur e s of
g a p ar e a d o n ot pr o vi d e a n a c c ur at e p ortr a y al of t h e
p ot e nti al i m p a ct of v ari o u s- si z e d o p e ni n g s b e c a u s e of
diff er e n c e s i n tr e e h ei g ht s b et w e e n st a n d s  wit hi n t h e
s a m e st u d y a n d al s o b et w e e n st u di e s. I n t hi s st u d y,
a s p e n- d o mi n at e d st a n d s h a d  m u c h t all er c a n o pi e s t h a n
fir- d o mi n at e d st a n d s, a s a s p e n i n di vi d u al s c a n e a sil y
att ai n h ei g ht s of 3 0  m  w hil e b al s a m fir c a n o pi e s  m a y
b e 6 – 1 2  m l o w er ( P ar é a n d  B er g er o n 1 9 9 5).  T o a c c o u nt
f or t hi s diff er e n c e, g a p di stri b uti o n s f or e a c h diff er e nt-
a g e d f or e st ar e al s o pr e s e nt e d o n t h e b a si s of t h e r ati o
of g a p di a m et er t o c a n o p y h ei g ht ( Fi g. 2).  T h e g a p-
di a m et er-t o- c a n o p y- h ei g ht r ati o s  w er e n ot si g nifi c a ntl y
diff er e nt b et w e e n t h e t w o  mi d- s u c c e s si o n st a n d s ( 1 2 0
a n d 1 4 7 yr ol d) ( K ol m o g or o v- S mir n o v t e st s, P 0. 0 5).

T h e s m all e st s h a d o w l e n gt h (i. e., o n t h e s u m m er s ol-
sti c e) f or o ur st u d y ar e a i s 1. 1 2 2 4 ti m e s t h e c a n o p y
h ei g ht.  T hi s  m e a n s at t hi s l atit u d e, g a p r ati o s  m u st b e
gr e at er t h a n t hi s t o r e c ei v e f ull dir e ct s u nli g ht  wit hi n
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FIG. 1. Relative frequency of gap size distributions for boreal forests that have not burned for 78, 120, 147, and 234 yr.
Note different axis scales.

the projected outline of the gap. Thus very few gaps
except the largest ones in the old-growth forest receive
direct sunlight at the forest floor.

Mortality and recruitment

In all but the youngest forest, gaps are created pri-
marily by the mortality of balsam fir trees (Fig. 3). Fir
trees make up 36% of the gap makers in the 78-yr-old
forest, increase to 83% of the gap makers in the mid-
successional, 124–147-yr-old, forests and approach
90% of the gap makers in the oldest (234 yr old) forest.
In the 78-yr-old stand, gaps are caused primarily by
the death of aspen. As the aspen are generally much
larger than the fir trees, it requires a smaller number
of deaths to create similar-sized openings. Despite the
smaller stature of fir, gaps created by firmortality attain
large sizes due to the severity of the last spruce bud-
worm outbreak. This outbreak effectively killed most
overstory fir trees in the area (Bergeron et al. 1995).
It is also interesting to note that even in the 76-yr-old
aspen-dominated stand, gaps are not due to individual
tree deaths but rather are usually the result of multiple
gap-maker mortality (Fig. 3).
In all four of the intensively studied stands balsam

fir is the most abundant species, both in terms of gap
fillers (Fig. 4) and all regeneration combined (not
shown). The trend in the number of gap fillers per gap
(all species combined) is unusual in that it does not
increase with gap size as would be expected. Instead
there appears to be a plateau, except perhaps in the
youngest stand, that occurs at gap sizes between 150
and 200 m2 and beyond which the total number of gap
fillers declines (Fig. 4). In fact, there is a negative
correlation between the density of both balsam fir seed-
lings and balsam fir gap fillers and gap size in all forests
(Table 3). Birch and white spruce have positive rela-
tionships to gap size in the mixed and conifer-domi-
nated forests.
Gap regeneration (relative to the number of gap mak-

ers) was most abundant in the youngest stand (Table
4). Mortality of fir adults exceeds recruitment from gap
fillers in all but the youngest stand, suggesting that if
gap fillers are a reasonable prediction of the future
stand, fir densities will be lower than in the original
forest (although fir may still be the most abundant spe-
cies in the forest), or that recruitment processes are
slower in these older forests.
Transition probabilities for the different species sug-
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FIG. 2. Gap frequency vs. the ratio of gap diameter to canopy height for four different-aged boreal forests.

gest that fir will be the most successful species in re-
cruiting to the canopy in all stages of forest develop-
ment, although its greatest abundance occurs in the
transition from mixed to old conifer-dominated stands
(Table 5). The model based on gap fillers does not,
however, show fir to be as successful as the model based
on all regeneration. Aspen’s lowest projected abun-
dance, based on both the gap filler and regeneration-
based models, is in the transition from our oldest stands
into an even older state not observed in our study area.
Spruce and birch fluctuate between models but seem
to maintain themselves as important secondary com-
ponents of the forest. Cedar’s relative abundance, on
the other hand, increases as a result of recruitment in
the 234-yr-old forest.
As a result of the increase in gap area, canopy turn-

over time decreases with stand age (Fig. 5). The time
to reach 7m in height (the fill time), derived from stem
analysis data, also decreases in the older forests, lead-
ing to even larger changes in turnover time with stand
age. Thus the rate of transition from one state to another
(as estimated by transition probabilities) accelerates
from the youngest towards the oldest stands. The con-
cept of a static turnover time is therefore highly un-
realistic, especially in the early stages of succession
where it decreases rapidly.

DISCUSSION

Gap characteristics

The picture that emerges from our study is of small,
randomly generated gaps in the initial stage of forest
succession (dominated by the intolerant hardwoods,
primarily aspen). The percentage of the 78-yr-old forest
in gaps (11%, Table 2) compares well to those reported
for temperate hardwood forests to the south (Runkle
1982, 1985, Krasny and Whitmore 1992).
With an increase in balsam fir abundance, spruce

budworm-mediated gaps dominate the landscape, and
both the percentage of forest in gap and the average
gap size increase dramatically. However, the per-
centage of our mixed-wood forest in canopy gaps
(18.7–24.4%) falls nearly within the range (3.2–24.2
%) reported by Runkle (1982) and within the 5–31%
suggested by Yamamoto (1992) for temperate forests.
Gap area in our coniferous forests is also comparable
to other conifereous forests in which gap area varied
from 15 to 63% but on general averaged 30–40% of
the total area (Worrall and Harrington 1988, Spies et
al. 1990, Lertzman and Krebs 1991, Qinghong and
Hytteborn 1991, Perkins et al. 1992, Battles and Fahey
1996).
In our study the small range of gap sizes (Fig. 1) in
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FIG. 3. The number of gap makers of each species per gap as found in each gap size class.

the hardwood forest is due to the random nature of gap
events throughout the forest as individual or groups of
overstory trees senesce and die. The greater range of
gap sizes in the older conifer forests at Lake Duparquet
is due to the the mortality of all individuals in different-
sized patches of fir due to outbreaks of the spruce bud-
worm. Large gap events are usually caused by exog-
enous factors (Kuuluvainen 1994). While spruce bud-
worm is the causal agent in fir-dominated regions of
eastern North America, severe wind storms have been
cited as the source of large gaps in other coniferous
forests (Qinghong and Hytteborn 1991).
Despite the large size of these openings, direct light

only reaches ground level in the very largest gaps
(Fig. 2) due to the low sun angle at these northern
latitudes. As shown by Canham et al. (1990), increases
in light at ground level will be displaced to the north
of the gap edge. The deep crowns of the three conifer
species and the abundance of mountain maple (Acer
spicatum) in hardwood stands and in large gaps will

effectively reduce the amount of direct light penetra-
tion into the understory north of the gaps. Seedlings
growing in the area north of the gaps will also ex-
perience declining light levels as they grow in height,
whereas seedlings located within gaps will grow into
a zone of higher light levels. In the boreal forests of
northeastern China, Ban et al. (in press) found that
increased light levels in obliquely projected gaps
(e.g., to the north of the gap) resulted in increased
seedling survival but that vertically projected gaps
were necessary for seedling recruitment to the canopy.
Gap expansion to the north of the original gap area
may therefore be an important element in gap-filler
recruitment to the canopy in hardwood and mixed for-
ests. In our conifer forests, gap formation is essen-
tially a periodic phenomenon due to spruce budworm-
caused mortality (90% of mortality in the oldest stands
is composed of fir). Gap expansion may, therefore,
account for only a small proportion of the area in gaps
in these old forests.
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F I G. 4.  T h e n u m b er of g a p fill er s b y s p e ci e s f o u n d i n e a c h g a p si z e cl a s s.

T A B L E 3.  S p e ar m a n c orr el ati o n, r S , b et w e e n g a p fill er s a n d s e e dli n g a b u n d a n c e b y s p e ci e s,
a n d g a p si z e f or t hr e e f or e st a g e cl a s s e s. N S n ot si g nifi c a nt at P 0. 0 5.

C orr el ati o n  wit h g a p si z e

S p e ci e s

7 8- yr- ol d
st a n d

r S P

1 2 4 a n d 1 4 7 yr ol d,
c o m bi n e d

r S P

2 3 4- yr- ol d
st a n d

r S P

G a p-fill er s p e ci e s

Fir 0. 5 8 1 0. 0 0 1 0. 5 0 5 0. 0 0 0 1 0. 4 5 3 0. 0 0 0 1
S pr u c e N S N S 0. 4 0 5 0. 0 0 0 2
A s p e n
Bir c h
C e d ar

N S

N S

N S

N S

0. 2 3 7
N S

0. 0 3 4 9
N S

0. 4 0 0
0. 2 5 0

0. 0 0 0 2
0. 0 3 0 0

S e e dli n g s p e ci e s

Fir
S pr u c e
A s p e n
Bir c h
C e d ar

0. 3 8 3
N S

N S

N S

N S

0. 0 1 6 0 0. 2 6 0
0. 2 6 6

N S

N S

N S

0. 0 2 0 7
0. 0 6 9 0

N S

0. 3 5 0
0. 2 2 0
0. 3 7 4

N S

0. 0 0 1 4
0. 0 4 4 6
0. 0 0 0 6
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T A B L E 4.  R ati o of t h e n u m b er of g a p fill er s a n d s e e dli n g s t o t h e n u m b er of g a p  m a k er s, b y
f or e st t y p e.

A)  G a p fill er s

F or e st a g e
( yr)

R ati o of t h e n o. of g a p fill er s t o:

Fir  W hit e s pr u c e  A s p e n  Bir c h  C e d ar  T ot al

7 8
1 2 4 a n d 1 4 7
2 3 4

3. 3
0. 5
0. 6

1 2 6. 8
5. 3
1. 7

0. 1
1. 3

1 8

1. 3
0. 7
3. 2

3. 5
1. 4
1. 4

1. 9
0. 6
0. 8

B) S e e dli n g s

F or e st a g e
( yr)

R ati o of t h e n o. of s e e dli n g s t o:

Fir  W hit e s pr u c e  A s p e n  Bir c h  C e d ar  T ot al

7 8
1 2 4 a n d 1 4 7
2 3 4

1 8. 3
6. 5
7. 4

6 5 1. 6
3 9. 7
1 0. 5

2. 1
5. 1

1 8. 3

1. 4
8. 5

1 0. 7

9. 4
8 6 3. 2
1 7. 7

9. 1
7. 5
8. 3

F I G. 5.  C h a n g e s i n c a n o p y t ur n o v er ti m e  wit h ti m e si n c e
fir e f or v ari o u s g a p-fill ti m e s ( g a p-fill ti m e i s t h e ti m e t a k e n
f or t h e r e g e n er ati o n i n a g a p t o cl o s e t h e g a p o p e ni n g).  T h e
c h a n gi n g fill ti m e i s t h e b e st e sti m at e of t h e a ct u al fill ti m e s
f or f or e st s t h at i niti at e d at diff er e nt ti m e s f oll o wi n g fir e.

T A B L E 5.  P er c e nt a g e f ut ur e c o m p o siti o n of b or e al f or e st s
b a s e d o n tr a n siti o n pr o b a biliti e s fr o m tr e e  m ort alit y a n d
g a p fill er s, a n d r e g e n er ati o n i n f or e st s of diff er e nt a g e s.

S p e ci e s

7 8- yr- ol d
a s p e n
f or e st

1 2 4 – 1 4 7
yr- ol d
mi x e d
f or e st

2 3 4- yr- ol d
c o nif er
f or e st

A)  G a p fill er

B al s a m fir
W hit e s pr u c e
Tr e m bli n g a s p e n
P a p er bir c h
E a st er n  w hit e c e d ar

6 1. 5
1 4. 8
4. 9

1 6. 5
2. 3

7 2. 7
9. 9
7. 2
9. 8
0. 4

5 4. 0
8. 0
3. 5
8. 5

2 6. 0

B)  R e g e n er ati o n

B al s a m fir
W hit e s pr u c e
Tr e m bli n g a s p e n
P a p er bir c h
E a st er n  w hit e c e d ar

7 1. 0
1 1. 1
1 2. 8
4. 5
0. 6

7 8. 5
6. 2
5. 8
8. 7
0. 8

6 8. 1
2. 0
6. 1
6. 3

1 7. 6

M o rt alit y a n d r e c r uit m e nt

T h er e i s a d efi nit e pr o gr e s si o n i n t h e s p e ci e s of g a p
m a k er  wit h ti m e si n c e fir e t h at p ar all el s t h e s h a d e t ol-
er a n c e of t h e s p e ci e s i n t h e s e f or e st s.  H o w e v er, d e s pit e
t h e gr e at er n u m b er of fir g a p  m a k er s i n t h e 1 2 3- yr- ol d
st a n d, h ar d w o o d  m ort alit y c o nti n u e s t o b e i m p ort a nt
d u e t o t h e gr e at er si z e of a d ult bir c h a n d a s p e n c o m-
p ar e d t o fir.  T h e e x p a n d e d- g a p  m e a s ur e s ar e pr o p or-
ti o n at el y  m u c h gr e at er u n d er t h e l ar g e- cr o w n e d a s p e n
c a n o pi e s t h a n u n d er t h e n arr o w, c o ni c al, fir c a n o pi e s.
S u c h a diff er e n c e i m pli e s t h at t h e d e at h of a si n gl e
a s p e n a d ult  will h a v e a gr e at er eff e ct o n g a p si z e t h a n
t h at of a fir. Si mil arl y, t h e r at e of g a p f or m ati o n,  w hi c h
i nfl u e n c e s t h e r at e at  w hi c h r e s o ur c e s b e c o m e a v ail-
a bl e, v ari e s b et w e e n t h e a s p e n- a n d fir- d o mi n at e d f or-
e st s.  A s p e n d e at h  w a s al m o st al w a y s t h e r e s ult of a
s n a p p e d b ol e (t h e u s u al  m o d e of d e at h) or u pr o oti n g.
B al s a m fir, o n t h e ot h er h a n d, u s u all y di e d st a n di n g
d u e t o d ef oli ati o n b y t h e s pr u c e b u d w or m. S e v e n y e ar s
aft er t h e e n d of t h e l a st e pi d e mi c a n d t w el v e y e ar s aft er
t h e  m ort alit y of  m a n y of t h e a d ult s ( B er g er o n et al.
1 9 9 5), 8 0 % of t h e b ol e s ar e still st a n di n g ( alt h o u g h

t h e br a n c h e s h a v e l o n g si n c e f all e n).  T h u s g a p s i n c o-
nif er- d o mi n at e d st a n d s ar e sl o wl y cr e at e d o v er a p eri o d
of y e ar s,  w h er e a s h ar d w o o d g a p s ar e u s u all y s u d d e n
e v e nt s.  Gr a d u al g a p s h a v e al s o b e e n n ot e d a s b ei n g
i m p ort a nt i n f or e st s  w h er e di s e a s e s, n ot a bl y b e e c h- b ar k
di s e a s e, ar e a  m aj or c a u s e of o v er st or y  m ort alit y ( Kr a s-
n y a n d  W hit m or e 1 9 9 2).

T h e hi g h n u m b er of g a p  m a k er s p er g a p o b s er v e d
i n t hi s st u d y e x c e e d s t h o s e r e p ort e d f or all ot h er st u d-
i e s, i n  w hi c h t h e n u m b er of g a p  m a k er s r ar el y e x c e e d s
2 0 ( S pi e s et al. 1 9 9 0,  L ert z m a n a n d  Kr e b s 1 9 9 1,  Qi n g h-
o n g a n d  H ytt e b or n 1 9 9 1).  T hi s i s n at ur al, c o n si d eri n g
t h at t h e a g e nt of d e at h —t h es pr u c e b u d w or m — c a u s e s
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large patches of mortality in epidemic years. However,
even the youngest hardwood stand in our study is dom-
inated by multiple gap-maker gaps. This may be a re-
flection of the stand age (78 yr), which is close to the
average lifespan of aspen in the area. For stands of this
age and older, synchronous mortality may become more
and more frequent. We also speculate that such group
death may be linked to the clonal establishment of as-
pen.
The fact that balsam fir is the most abundant gap

filler and seedling species in these forests is not sur-
prising due to its prolific seeding and its status as a
late-successional species. However, the fact that the
numbers of seedlings does not increase with gap size
is. Kneeshaw and Bergeron (1996) suggest that in these
large canopy gaps there is a trade-off between increased
resource availability and increased competition from
shrubby species. Such competition may be responsible
for the fact that the number of gap fillers is not at this
present time sufficient to replace the number of gap
makers (Table 4A). This reduced or delayed recruit-
ment may also lead to an increase in canopy turnover
times. Earlier studies from western Quebec, eastern
Ontario, and Minnesota all note that competition from
shrub species such as hazel (Corylus cornuta), rasp-
berry (Rubus idaeus), and mountain maple (Acer spi-
catum) is greatest when overstory mortality is high
(Ghent et al. 1957, Batzer and Popp 1985). Personal
observations for our study area suggest that raspberry
is an unimportant competitor in these forests and that
the strongest competition comes from mountain maple,
followed by hazel.
Balsam fir’s projected dominance in filling gaps in

the 78-yr-old forest is primarily a reflection of its high
stem density. The composition of existing 147- and
161-yr-old forests shows that fir is indeed the most
abundant species (Table 1B). However, in terms of ba-
sal area these forests are not yet dominated by balsam
fir (Table 1A). Earlier research from our study area
showed a slow progression towards mixed stands due
to a second generation of aspen (Paré and Bergeron
1995; Y. Bergeron, unpublished data). Aspen’s more
rapid growth and its greater height at maturity result
in two-tiered stands, dominated by aspen with a sub-
canopy of shorter balsam fir (Paré and Bergeron 1995).
The second set of probabilities, derived from the

mid-aged forests, predicts that succession in these gaps
will lead to a more heavily conifer-dominated forest.
This prediction agrees with similar observations from
chronosequences in the area, in which the oldest stands
are dominated primarily by conifers, in particular by
balsam fir (Table 1). Transitions from spruce budworm-
caused gaps in the oldest forests to the hypothetical
next generation do not suggest the continued mainte-
nance of the current canopy composition. Rather, the
importance of fir decreases in these large gaps. This
contrasts with work from pure fir forests in eastern
Canada in which it has been suggested that spruce bud-

worm-created openings would lead to a maintained cy-
cling of fir forests (Baskerville 1975, Maclean 1984,
Morin and Laprise 1989, Morin 1994).
Hardwood species are maintained via gap recruit-

ment but they do not increase in abundance. Although
large gaps would at first seem suitable to the recruit-
ment of fast-growing shade-intolerant species, the na-
ture of gap creation by the spruce budworm does not
result in an immediate increase in resources. Instead,
trees die slowly over a number of years, with maximum
mortality usually occurring 6–7 yr after the onset of
an outbreak (Baskerville and MacLean 1979). These
large, slow-forming gaps are generally dominated by
shrubs.
The tree species that is projected to increase the most

in the generation following our oldest stand (i.e., in the
last transition series) is eastern white cedar. Consid-
ering the long life-span of species such as cedar (and
white spruce), which live 3–4 or more times longer
than fir (Burns and Honkala 1990), the actual increase
in abundance may be greater than suggested by the
transition models. Cedar is considered to be extremely
shade tolerant, poorly adapted to fire, and a non-host
tree for the budworm. It has also been suggested that
the presence of decomposing logs (as seedbeds) may
be necessary before this species can become abundant.
An evaluation of cedar regeneration in the area dem-
onstrates a large increase in the oldest present-day
stands (Kneeshaw and Bergeron 1996). Frelich and
Reich (1995), on the basis of their transition proba-
bilities, suggest that spruce budworm outbreaks will
limit fir’s ability to increase in dominance but find no
similar constraint for cedar in the absence of fire. Pa-
leoecological reconstructions also suggest that cedar
was most abundant when fire cycles were thought to
be longest (Liu 1990, Richard 1993). The projected
increase in cedar does not seem therefore to be related
to large budworm-caused gaps but rather to the length
of time since fire.
In conclusion, small gaps found early in succession

in these boreal forests generally promote a gradual tran-
sition towards a more fir-dominated forest. As the forest
becomes increasingly dominated by fir, gap dynamics
are controlled more and more by outbreaks of the
spruce budworm. The resulting gaps are aggregated in
fir-dominated patches. These larger gaps not only allow
for the maintenance of intolerant hardwoods but also
promote competition between tree regeneration and
shrubby species and may eventually lead to an increase
in the proportion of cedar. Our results show that these
stands have not entered a state of relative compositional
equilibrium, and therefore do not follow the cyclical
model of continued fir maintenance after spruce bud-
worm outbreaks that has been proposed for eastern fir
forests.
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