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Abstract: Demographic data from a 15-year outbreak of the spruce budworm, Choristoneura fumiferana (Clem.)
(Lepidoptera: Tortricidae), in a boreal mixedwood forest in Ontario, Canada, are used to interpret stand-level ecological
disturbance in terms of susceptibility and vulnerability (mortality) of balsam fir (Abies balsamea (L.) Mill.), white
spruce (Picea glauca (Moench) Voss), and black spruce (Picea mariana (Mill.) BSP). All three host-tree species are
highly susceptible for oviposition by the spruce budworm and all are suitable for completion of the budworm life cy-
cle. Host-related differences in susceptibility arise from the degree of synchrony between spruce budworm phenology
during the feeding stages and host-tree phenology. Spruce budworm density was highest on white spruce throughout the
budworm’s life cycle and over the course of the outbreak, but more rapid flushing and growth of current-year buds in
white spruce reduced damage relative to that on balsam fir. Conversely, later flushing of current-year buds on black
spruce led to a reduction in budworm density early in the season and a corresponding reduction in defoliation. The
combination of high budworm densities and severe defoliation caused mortality first on balsam fir. By the end of the
outbreak, 89% of the balsam fir component >10 cm DBH was eliminated compared with 49% of the white spruce in
the same size class. The lower susceptibility of black spruce resulted in survival of all but the smallest size classes of
that species. Nonhost species such as trembling aspen (Populus tremuloides Michx.) nearly doubled their basal area
during the outbreak. The results link processes inherent in the insect–host relationship with the population ecology of
the insect and the disturbance ecology of the forest.

Résumé : Des données démographiques provenant d’une épidémie de la tordeuse des bourgeons de l’épinette, Choris-
toneura fumiferana (Clem.) (Lepidoptera : Tortricidae), qui a duré 15 ans dans une forêt boréale mélangée en Ontario,
au Canada, ont été utilisées pour comprendre la perturbation écologique à l’échelle du peuplement en termes de sus-
ceptibilité et de vulnérabilité (mortalité) du sapin baumier (Abies balsamea (L.) Mill.), de l’épinette blanche (Picea
glauca (Moench) Voss) et de l’épinette noire (Picea mariana (Mill.) BSP). Les trois espèces d’arbres hôtes sont très
susceptibles à l’oviposition de la tordeuse des bourgeons de l’épinette et toutes conviennent pour permettre à la tor-
deuse de compléter son cycle vital. Les différences de susceptibilité entre les hôtes reposent sur le degré de synchro-
nisme entre la phénologie de la tordeuse des bourgeons de l’épinette durant les stades larvaires et la phénologie des
arbres hôtes. La densité de la tordeuse des bourgeons de l’épinette était la plus élevée sur l’épinette blanche durant tout
le cycle vital de la tordeuse et pendant toute la durée de l’épidémie mais le débourrement et la croissance plus rapide
des bourgeons de l’année chez l’épinette blanche a réduit les dommages comparativement à ceux subis par le sapin
baumier. À l’inverse, le développement tardif des bourgeons de l’année chez l’épinette noire a entraîné une réduction
de la densité de la tordeuse tôt dans la saison et une réduction correspondante de la défoliation. Les fortes densités de
tordeuses combinées à une défoliation sévère ont d’abord causé de la mortalité chez le sapin baumier. Vers la fin de
l’épidémie, 89 % des sapins baumiers dont le DHP était > 10 cm avaient été éliminés comparativement à 49 % des
épinettes blanches dans la même classe de diamètre. Étant donné la moins grande susceptibilité de l’épinette noire, tou-
tes les classes d’âge ont survécu chez cette espèce, à l’exception de la plus petite. Les espèces non hôtes comme le
peuplier faux-tremble (Populus tremuloides Michx.) ont presque doublé leur surface terrière pendant l’épidémie. Les ré-
sultats mettent en relation les processus inhérents à la relation hôte–insecte avec l’écologie de la population de l’insecte
et l’écologie des perturbations de la forêt.
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Introduction

Periodic outbreaks of the spruce budworm, Choristoneura
fumiferana (Clem.) (Lepidoptera: Tortricidae), are major bi-
otic disturbances in the spruce–fir forests of North America
east of the Rocky Mountains. Outbreaks are generally syn-
chronized over large areas (Royama 1984; Candau et al.
1998). Cartographic summaries of these outbreaks give the
impression of an extensive, homogeneous ecological phe-
nomenon (Simpson and Coy 1999). Within these large areas
of mapped defoliation, however, there is considerable local
and regional variation in the frequency, duration, and ampli-
tude of outbreaks (Blais 1968; Royama 1984) that create
variable levels of impact on the forest (Turner 1952;
MacLean 1980; Bergeron et al. 1995).

The notions of susceptibility and vulnerability are often
used to describe the phenomenology of forest insect out-
breaks and their impacts. Susceptibility has been defined as
the likelihood of infestation, while vulnerability refers to the
severity of damage resulting from a given level of infestation
(Westveld 1954; Mott 1963). Most studies of spruce
budworm have emphasized vulnerability (e.g., MacLean
1980; Bergeron et al. 1995), as essentially all spruce–fir for-
ests are considered susceptible to infestation by the spruce
budworm (Royama 1984). MacLean and MacKinnon (1997)
recognized that the historical use of these terms was prob-
lematic, because vulnerability is conditional on the severity
of defoliation. They quantified susceptibility to spruce bud-
worm as the severity of observed defoliation and defined
vulnerability as the loss in growth or amount of mortality re-
sulting from a given level of defoliation. Their analysis of
spruce budworm impact revealed interactions between defo-
liation, tree species, and drainage. It also supported the conclu-
sion of Bergeron et al. (1995) that indicators of vulnerability
based on site attributes are insufficient to explain spatial
variability in the impact of spruce budworm. This added evi-
dence that forest species composition may provide more in-
sight into expected impacts than do site characteristics
(Batzer and Popp 1985; Kneeshaw and Bergeron 1996; Su et
al. 1996).

Recognition of forest composition as a primary determinant
of variable disturbance regimes by spruce budworm suggests
that differences in the susceptibility and vulnerability of dif-
ferent tree species to the insect may explain larger-scale phe-
nomena. Several studies have examined budworm–host plant
relationships in the laboratory (Durzan and Lopushanski
1968; Kimmins 1971; Koller and Leonard 1981; Bauce 1996).
It is difficult, however, to compare host species across these
studies, as methodologies differed. The value of existing
field experiments also is limited for host-species compari-
sons, because the tree species examined were often restricted
either by circumstance (e.g., Greenbank 1963b) or design
(e.g., Lawrence et al. 1997). Only a few older studies com-
pared relationships between spruce budworm and several
host species by direct sampling of budworm populations
from mixedwood forests (Craighead 1924; Blais 1957).

This paper analyzes within-stand demographics of the
spruce budworm on three co-occurring major host species:
balsam fir (Abies balsamea (L.) Mill.), white spruce (Picea
glauca (Moench) Voss), and black spruce (Picea mariana

(Mill.) BSP) during an outbreak in a boreal mixedwood
stand near Black Sturgeon Lake, Ontario, Canada, between
1983 and 1997.

In this work, we further refine the definition of suscepti-
bility from severity of defoliation (MacLean and MacKinnon
1997) to the annual, relative density of spruce budworm on
each tree species. Because severity of defoliation is related
to spruce budworm density, this approach goes directly to
the ecological relationship between the insect and its hosts.
In particular, we examine rates of survival or recruitment of
spruce budworm on each host throughout the outbreak to
compare insect–host relationships and to test whether these
relationships and the resulting damage vary within a season
or among years. This approach allows us to reveal the pro-
cesses underlying defoliation over time. Concurrent mea-
sures of vulnerability as defined by tree mortality and
changes in basal area allow an explicit link between pro-
cesses involved in the specific insect–host relationships and
changes resulting from disturbance at the stand level.

Materials and methods

Life cycle of the spruce budworm
Each stage of the budworm’s life cycle is associated inti-

mately with the host tree (Sanders 1991). Moths lay eggs in
masses on the needles of host trees in midsummer. Neonate
larvae seek sheltered locations on the branches, establish hi-
bernacula, moult to the second instar, and overwinter. Larvae
emerge the following spring and disperse on silken threads
in search of suitable feeding sites. Spring emergence of bud-
worms is generally in advance of bud flush of their host
trees, so newly emerged budworms may temporarily mine
old needles or occupy pollen cones before eventually con-
structing a feeding shelter in expanding, current-year buds.
Throughout the remainder of their larval period, budworms
feed preferentially on current-year foliage. They leave their
feeding shelters only when current-year foliage has been
consumed completely or to pupate. Pupation occurs on the
foliage of the host tree as does mating of adult moths.

Study site
The 10-ha study site is situated on the western shore of

Black Sturgeon Lake (49°18′N, 88°52′W, 260 m elevation) in
the Superior Boreal Forest Region (B9) of Rowe (1972). The
stand regenerated following a previous outbreak of the spruce
budworm (1940–1948) and salvage cutover (Belyea 1952;
Ghent 1958a; Fye and Thomas 1963). By 1967, the stand
was a young mixedwood with a few older trees that survived
the previous budworm outbreak (personal communication,
C.J. Sanders, Canadian Forest Service, Sault Ste. Marie, Ont.).
Early in the outbreak reported here (1985), Lethiecq and
Régnière (1988) described the study site as a closed 42-year-old
balsam fir, spruce, and trembling aspen (Populus tremuloides
Michx.) stand with a basal area of 42 m2/ha, 44% of which
was balsam fir, 29% trembling aspen, and 12% each of
white and black spruce with a small amount of white birch
(Betula papyrifera Marsh.) and jack pine (Pinus banksiana
Lamb.).

Following the outbreak of the 1940s (Belyea 1952),
spruce budworm populations in the Black Sturgeon Lake
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area remained below levels of detectable defoliation for more
than 30 years. Monitoring with pheromone traps began in
the 1960s, and a steady increase in population density was
observed throughout the 1970s (Sanders 1988). The first
light defoliation in the area was detected visually in 1980,
and intensive sampling of balsam fir commenced in 1983.
Sampling of white spruce and black spruce was added in
1984 and 1988, respectively.

Estimation of budworm density
We estimated the density of budworm several times in

each generation from 1983 to 1997. Extendable pole pruners
were used to remove one, 45-cm branch tip from the mid-
crown of each of 10–30 codominant trees of each species se-
lected randomly on each sample date from a sampling
universe of 50 trees per species (Morris 1955). The only ex-
ception was the use of a 1-m branch tip as the sample unit
for the overwintering stage (second instar) because of the
dispersed distribution of hibernacula (Régnière et al. 1989).
Branch samples were bagged and returned to the laboratory
where fresh weight was recorded. Beginning in 1987, the
number of current-year shoots was also recorded. Branches
were examined, and all stages of all insect species were re-
moved, identified, and enumerated. Budworm density was
expressed as the number of insects per kilogram of fresh
weight of the branch (Régnière et al. 1989).

The density of budworm eggs beginning each generation
was the product of egg mass density and the mean number
of viable eggs per egg mass, as estimated from branch sam-
pling in August (Nealis and Régnière 2004). The density of
overwintered larvae was obtained in late winter or early
spring before natural emergence of the budworm from their
hibernation sites. Branch samples were wrapped in paper
towelling and placed in a warm (20 °C) environmental
chamber to force budworms from their hibernation sites
(Miller 1958). The feeding larval stages (3rd to 6th instars),
pupae, and pupal exuviae were sampled from the field site at
various times during the spring and summer. Sampling fre-
quency in these stages ranged from 16 times per generation
in the early years of the study to two times in 1997. The de-
velopmental stage of each budworm in a sample was in-
dexed from 1 (hatched eggs) to 8 (empty pupal integument).
The age distribution of budworm found on foliage collected
on a given sample date i was summarized as an average
instar αi (Hardy et al. 1976).

Spruce budworm in rearing
On each sample date, all budworm collected, to a maxi-

mum number of approximately 200 insects, were reared in-
dividually on artificial diet (McMorran 1965) under controlled
conditions (20 °C, 16 h light : 8 h dark). The relative fre-
quency of parasitoids and pathogens was determined by
macroscopic and microscopic examination of insects that
died in rearing. Only overall stage-specific rearing mortality
(m, a proportion) is presented in this paper.

Stage-specific estimates of density, survival, or
recruitment, and rearing mortality

In this analysis, we distinguish five ecophysiological life
stages in the life cycle of the spruce budworm: hatched eggs
(α = 1.0), overwintered larvae (α = 2.0), early-instar feeding

larvae (2.0 < α ≤ 4.5), late-instar feeding larvae (4.5 < α ≤ 6.5),
and pupae (6.5 < α ≤ 7.5). Densities of spruce budworm (nj)
in each stage j = 1–5 were calculated after pooling samples
collected on sample dates for which the average instar α on
each host-tree species corresponded with these definitions.

Stage-specific survival or recruitment rates (change in
density between successive life stages) were calculated as
the log ratio of densities (Royama 1984):

[1] Hj = log10 (nj/nj–1) = Nj – Nj–1

where Nj = log10(nj) is log mean density in stage j. Thus, H1
is log survival from hatched egg to overwintered larva, H2
from overwintered to early-instar larva, etc. H5 is a per ca-
pita recruitment rate; the log ratio of the number of hatched
eggs in generation t + 1 to the number of pupae produced at
the end of generation t, a measure of apparent population fe-
cundity (Nealis and Régnière 2004). Stage-specific mortality
in rearing, m, the percentage of a stage dying from identifi-
able mortality factors, was also calculated with the same
grouping of samples as was density.

Comparison of budworm density, development, survival,
and recruitment among host species

Most population studies of the spruce budworm refer to
outbreaks in balsam fir stands (Morris 1955; Allen et al.
1984). Balsam fir was also the dominant host species at the
beginning of the outbreak at Black Sturgeon Lake. For these
reasons, density (Nj), stage-specific survival (H1–H4), re-
cruitment of eggs (H5), mortality in rearing (mj), and devel-
opment (α) on white or black spruce were expressed relative
to their value on balsam fir.

[2] N N Nj j j
′= −(spruce) (fir)

H H Hj j j
′ = −(spruce) (fir)

M j
′ = log10[ (spruce) / (fir)]m mj j

α α αi i i
′ = −(spruce) (fir)

where α i (spruce) is average instar of budworm found among
samples collected on spruce (either white or black) on date i;
and αi(fir) is average instar among budworm recovered from
balsam fir on the same sample date, during the active larval
and pupal stages. In the nonfeeding egg (j = 1) and over-
wintering larval (j = 2) stages, development state is identical
on all three host species.

Normality of variables was tested with Anderson–Darling
tests. Comparisons of overall means between white and black
spruce and balsam fir were made with t tests, with the null
hypothesis of equal means. Differences between white and
black spruce, trends in time, and differences in these trends
between spruce species were tested with a general linear
models procedure, using host-tree species as a factor and
year as a covariate.

[3] N H Mj j j
′ ′ ′, , , or

α ε′ = + + + × +a a S a Y a S Y0 1 2 3( ) ( )
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where S is spruce species (a factor), Y is year (a covariate),
and ε is a normally distributed error term. Parameter a0 is an
overall intercept, a1 represents the intercept difference be-
tween spruce species, a2 represents a common slope over
time, and a3 represents any difference in this slope between
spruce species. Whenever the S × Y term was not significant
(P > 0.05), model [3] was reduced by removing nonsignificant
terms one at a time. Values of α′ were averaged over all
samples within a year before fitting model [3]. Within-season
patterns of differences in budworm development between
spruces and fir were determined by relating α i

′ and α i (fir)
with second- and third-degree polynomial regressions.

Defoliation, spruce budworm population density, and
branch structure

Annual estimates of current-year defoliation (D) were ob-
tained from branch samples of each host species at the end
of the feeding period beginning in 1981. These estimates
were made by first determining average proportion of nee-
dles lost following the method of Fettes (1950) from 25
shoots per branch and then calculating a stand estimate based
on at least 20 trees of each host species. Cumulative defolia-
tion (Ω) to year t was calculated from current defoliation
(D) measured in years t – 4 to t.

[4] Ωt t k
k

D= −
=
∑1

5 0

4

Cumulative defoliation on spruce, relative to balsam fir, was
calculated as Ω′ = Ωspruce – Ωfir.

The existence of a relationship between absolute or rela-
tive apparent fecundity (H5, H5

′), and absolute or relative cu-
mulative defoliation (Ω, Ω′) on the three host species (S) was
tested by a general linear models procedure, with the model

[5] H b b S b b St t5 0 1 2 3= + + + × +( ) ( )Ω Ω ε

or

H b b S b b St t5
′ ′ ′= + + + × +0 1 2 3( ) ( )Ω Ω ε

where ε is a normally distributed error term, and b0 to b3 are
parameters. Model [5] was reduced by removing the interac-
tion term whenever it was not significant (P > 0.05).

Starting in 1987, both the fresh weight of the branch and
the number of vegetative buds were recorded to detect
changes in branch characteristics. The average number of
current-year shoots, fresh weight, and shoot density (Ψ, ex-
pressed as shoots/kg of branch tip) were compared among
host-tree species by analysis of variance (after logarithmic
transformation). A general linear models analysis of propor-
tion defoliation (after sin ( )−1 D transformation) was used to
establish differences among host trees in the relationship be-
tween budworm density and consequent defoliation, using
the model

[6] D D c c S c N c S N* sin ( ) ( ) ( )= = + + + ×−1
0 1 2 3 3 3

+ +c4 logΨ ε

where D is defoliation (a proportion), N3 is log average den-
sity among samples collected in the interval 2.0 < α ≤ 4.5, ε
is a normally distributed error term, and c0 to c4 are parameters.

Differences in host-plant responses to defoliation were es-
tablished by relating shoot density, Ψt, to cumulative defolia-
tion in year t – 1, Ωt–1, and current defoliation Dt using a
general linear models procedure. Preliminary examination of
our data indicated that only very high levels of current defo-
liation had an effect on shoot density. For this reason, Dt was
classified into two levels (below or above 90%) and was
treated as a categorical variable in the following model:

[7] Ψ Ω Ωt td d S d d S d D= + + + × + +0 1 2 -1 3 -1 4( ) ( ) ( )t t ε

where ε is a normally distributed error term, and d0 to d4 are
parameters.

Change in forest structure
Vegetation measurements were made at Black Sturgeon

Lake in 1967, 1985, 1993, 1995, 1996, and 1997. In 1967,
the number of trees greater than 7.5 cm DBH (or 1.3 m
above ground) of each tree species occurring in two parallel
cruise lines approximately 5 m wide and 322 m long and
separated by approximately 90 m was recorded in 2.5-cm
DBH classes. These cruise lines were supplemented by three,
square 84-m2 plots located at random within the site. In
1985, the distribution of live basal area by tree species was
recorded using 49 variable radius plots (basal area factor 10)
located on a grid within the stand. The number of trees of
each species in 5-cm DBH classes was determined by trans-
forming basal area into numbers of stems. Dead trees were
not recorded in this survey. Lethiecq and Régnière (1988) re-
corded, also in 1985, the number of live and dead trees in
2-cm DBH classes found in a 500-m2 circular plot represen-
tative of the stand. This provided an estimate of background
tree mortality. The 1995 measurements of basal area were
based on records of all trees with a DBH greater than 2.0 cm
within a regular grid network of 49, circular 0.01-ha plots,
sampling a total of 0.49 ha of forest. All live and dead trees
>2.0 cm DBH were recorded. Additional vegetation mea-
surements were made in 1996 and 1997 by K. Baldwin and
S. Walsh (personal communication, Canadian Forest Service,
Sault Ste-Marie, Ont.) using twenty, 10-m × 10-m quadrats
that sampled a total of 0.20 ha of forest.

Information on the pattern of tree mortality between 1985
and 1995 was obtained from a 1995 census of all trees that
had been used as sample trees during the study and were
therefore known to be alive in 1985. The condition (live or
dead) and DBH of these trees was recorded, and the percent-
age mortality was calculated by tree species and DBH class.

From these vegetation censuses, changes in the forest in
terms of tree mortality, host-tree foliage/ha, and basal area
were reconstructed as follows. The initial (preoutbreak) stand
character was obtained from the 1985 census on vari-
able-radius plots. Since that survey did not record dead trees
that would represent nonbudworm-associated mortality in
the stand, we used Lethiecq and Régnière’s (1988) estimates
of mortality in the same year, as they concluded this mortal-
ity could not be attributed to spruce budworm damage.
Lethiecq and Régnière (1988) did not record separate mor-
talities for balsam fir, white, and black spruce, so we assume
it was the same for all three host species within a given size
class. The temporal pattern of tree mortality (θ, in %) occur-
ring between 1985 and 1993 for each 5-cm DBH class in
each host species was assumed to follow a curvilinear trend
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(MacLean 1980), where most additional mortality occurred
in the years 1990–1993.

[8] θ θ θ θYear 1985 1993 1985

2
Year 1985

8
= + − −






( )

Subsequent mortality was interpolated linearly by DBH class
and tree species between measurement years.

In 1995, we recorded the survival status and DBH of 450
trees from which spruce budworm had been sampled during
the course of our study. This data set was submitted to a
generalized linear mixed-model logistic regression procedure
(Brown and Prescott (1999) as implemented in the
GLIMMIX macro, SAS statistical software) using the model

[9] g( ) DBH DBH0 1 2 3θ = + + + ×e e S e e S( ) ( )

where g( )θ θ θ= −log[ / ( )]1 is the logistic link function for θ,
and e0, e1, and e3 are parameters.

Results

Host-related variation in spruce budworm density
Density of spruce budworm exceeded 50 insects/kg of fo-

liage, and defoliation exceeded 50% on at least one host-tree
species every year between 1983 and 1995 and declined
thereafter (Fig. 1). Average egg density (N1) was greater on
white spruce than on either balsam fir or black spruce (Ta-
bles 1 and 2; Fig. 2A). There was no significant temporal

trend in N1
′ on either spruce species (Table 2). Similarly, the

average density of overwintered larvae (N2) was greater on
white spruce than on balsam fir or black spruce (Tables 1
and 2; Fig. 2B). Unlike egg density, however, there was a
significant increase in N2

′ on both spruce species over time
(Table 2; Fig. 2B). N2 was similar on all species at the be-
ginning of the outbreak, but after 1988 it increased on both
spruce species relative to balsam fir.

The mean density of spruce budworm was greater on
white spruce than on balsam fir throughout the 3rd and 4th
stages (Table 1). This difference (N N3 4

′ ′, ) increased signifi-
cantly over time on white spruce, especially during the sec-
ond half of the outbreak (Table 2; Figs. 2C, 2D). However,
N3 on black spruce was markedly lower (1/2) than on balsam
fir (Table 1; Fig. 2C). Most of this difference in density of
budworm between black spruce and balsam fir disappeared
by the late-larval stage (Table 1), as N4

′ on black spruce in-
creased gradually to be nearly zero (N4 equal to that on bal-
sam fir) by the end of the outbreak (Table 2; Fig. 2D).

Average density of pupae (N5) on white spruce was not
significantly different from that on balsam fir (Table 1), but
N5
′ on white spruce varied widely and increased sharply in

the last 3 years of the study (Table 2; Fig. 2E). Pupal density
on black spruce was significantly lower than on balsam fir
(Table 1), but the gradual increase over time in density rela-
tive to balsam fir noted in the late-instar stage was still evi-
dent in the pupal stage (Table 2; Fig. 2E).

Host-related variation in stage-specific survival or
recruitment rates

The average recruitment rates from the egg to the over-
wintering stage (H1) were not significantly different among
host species (Table 1), but there was a significant increase in
H1
′ over time in both spruce species (Table 2; Fig. 2F) re-

flecting the increase in relative density of overwintered lar-
vae on white and black spruce as the outbreak continued
(Table 2; Fig. 2B).

Survival from the overwintered stage to feeding early-instar
larva (H2) did not differ significantly between white spruce
and balsam fir (Table 1, Fig. 2G), indicating little difference
between these host trees in their suitability to budworms
emerging from hibernacula and seeking feeding sites early in
the season. In contrast, H2 was considerably lower on black
spruce than on balsam fir (Table 1), and the difference in-
creased significantly during the last 3 years of the outbreak
(Table 2; Fig. 2G). There was no such trend on white spruce.
Decreasing survival rate from overwintering to the
early-instar stage on black spruce relative to balsam fir ex-
plains the low population density of early-instar larvae mea-
sured on black spruce (Table 1) as well as the decline in
density of early-feeding larvae on black spruce in the last
few years of the outbreak (Fig. 2C).

Survival from early- to late-instar feeding larvae, H3, was
the same on balsam fir and white spruce, but significantly
higher on black spruce (Table 1; Fig. 2H). High survival on
black spruce during the late-instar stage explains the recov-
ery of relative density of budworm populations on black
spruce during that stage (Fig. 2D).

Survival from the late-instar stage to the end of the pupal
stage (H4) did not differ significantly among the three host
species (Table 1), nor were there significant time trends over
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Fig. 1. (A) Density (number of insects/kg of foliage) of
early-feeding stages of the spruce budworm and (B) percent de-
foliation of current-year foliage on balsam fir (�), white spruce
(�), and black spruce (�) in the Black Sturgeon study area be-
tween 1981 and 1997.



the observation period (Table 2; Fig. 2I). So the general pat-
terns of relative density established at the end of the feeding
period persisted in the pupal stage (Fig. 2E). However, H4

′
occasionally dropped very low on white spruce (e.g., 1990,
1992, and 1993, Fig. 2I).

Rearing mortality among immature life stages of spruce
budworm collected from different host-tree species was
nearly identical, both in terms of average values of M′ and
temporal trends (Table 1; Figs. 2K–2N). Thus, the differ-
ences in density of spruce budworm larvae and pupae on the
different host trees observed here appear to be based on
insect–host-tree interactions unmodified by other elements
of the food web, although we cannot eliminate the possibil-
ity of host-plant related differential predation rates.

Recruitment from pupae to hatched eggs (H5) is influ-
enced by survival of pupae, dispersal, and oviposition pref-

erences of moths (Royama 1984; Nealis and Régnière 2004).
There was a significant decrease in the per capita rate of re-
cruitment from the pupal to the egg stage on white and black
spruce relative to that on balsam fir (H5

′) over the outbreak
(Table 2). Between 1984 and 1992, H5

′ was consistently
higher on white spruce and then decreased sharply (Fig. 2J).
Overall, H5

′ on black spruce was not significantly different
from that on balsam fir (Table 1), although it did decrease
over time (Table 2; Fig. 2J).

These host-related patterns in recruitment to the egg stage
were related to associated patterns of defoliation. There
was a significant negative relationship between H5 and
cumulative defoliation Ωt (reduced model [5]; F[1,30] = 4.6,
P = 0.041), without a significant difference between host
species (F[2,30] = 1.16, P = 0.33). There was also a signifi-
cant relationship between H5

′ and relative cumulative defo-
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Density differences Recruitment (survival) differences Rearing mortality differences

(n ratio*) (h ratio†) (m ratio‡)

Stage j Years Mean SD P (N′ = 0) Years Mean SD P (H′ = 0) Years Mean SD P (M′ = 0)

White spruce
1 13 1.211 0.220 0.005 13 1.063 0.448 0.992 — — — —
2 14 1.241 0.342 0.018 13 1.030 0.135 0.573 4 0.993 0.038 0.701
3 13 1.208 0.287 0.013 12 1.133 0.259 0.153 12 1.091 0.219 0.152
4 12 1.293 0.372 0.015 12 0.861 0.347 0.098 11 0.987 0.084 0.529
5 13 1.279 0.882 0.660 13 1.271 0.610 0.540 12 1.017 0.103 0.688

Black spruce
1 9 0.912 0.206 0.175 9 1.148 0.375 0.459 — — — —
2 10 1.072 0.316 0.716 9 0.625 0.251 0.004 2 1.025 0.016 0.264
3 9 0.583 0.154 <0.001 8 1.429 0.302 0.002 7 1.050 0.166 0.551
4 8 0.852 0.157 0.029 8 0.943 0.262 0.368 8 0.973 0.087 0.373
5 9 0.808 0.205 0.024 8 1.213 0.376 0.196 9 0.953 0.074 0.090

Note: Ratios were calculated on natural scales, and t tests were performed on log ratios.
*Density on spruce/density on balsam fir, natural scale.
†Stage-specific recruitment (survival) on spruce/stage-specific recruitment (survival) on balsam fir, natural scale.
‡Rearing survival of budworms collected on spruce/rearing survival of budworms collected on balsam fir, natural scale.

Table 1. Differences in stage-specific density N, recruitment (survival) H, and rearing mortality M of spruce budworm between
the two host species white or black spruce and balsam fir at Black Sturgeon Lake.

Host plant Year Host × year

a1 P (a1 = 0) a2 P (a2 = 0) a3 P (a3 = 0)

N1
′ –0.146 0.004 — — — —

N2
′ –0.126 0.005 0.0504 <0.001 — —

N3
′ –0.337 <0.001 0.0048 0.735 –0.0370 0.016

N4
′ –0.248 <0.001 0.0491 0.002 — —

N5
′ –0.239 0.016 0.0819 0.005 — —

H1
′ — — 0.0593 0.002 — —

H2
′ –0.196 0.005 –0.0386 0.046 –0.0461 0.020

H3
′ 0.119 0.026 — — — —

H4
′ — — — — — —

H5
′ — — –0.0819 0.007 — —

Note: Parameter values (a) and probabilities that the null hypothesis a = 0 is true.

Table 2. Results of general linear models procedure (model [3]) describing the relationship
between relative density (N ′) or survival (H ′) in successive life stages and host plant, year,
and their interaction.



liation (Ω t
′) (reduced model [5]; F[1,17] = 5.34, P = 0.034).

This model also suggested an additional influence of
spruce species (F[1,17] = 3.81, P = 0.068) with H5

′ on
black spruce tending to be lower than on white spruce
for a given level of defoliation difference with balsam
fir.

Host-related variation in spruce budworm development
Budworm development was synchronized on all host

species from the egg stage to spring emergence of
overwintered larvae. Immediately following spring emer-
gence, however, rate of development of budworm was
faster on white spruce than on balsam fir but was markedly
slower on black spruce relative to the other two host spe-
cies. These differences in budworm phenology among host
plants decreased later in the season, so that adult emer-

gence tended to be synchronized for the budworm
population as a whole (Fig. 3A).

The average value of α′ was significantly greater than
zero on white spruce (mean: 0.314 ± 0.041 instars; t =
7.74, n = 11, P < 0.001) and significantly less than zero on
black spruce (mean: –0.278 ± 0.061 instars; t = –4.56, n =
8; P = 0.003; Fig. 3B). Development on white spruce was
almost two-thirds of an instar faster on white spruce than on
black spruce (average: 0.61 ± 0.10 instars; F[1,16] = 96.2, P <
0.001). Values of α′ increased significantly over the years
(F[1,16] = 5.7, P = 0.03) in the same way for the two spruce
species (the interaction term in model [3] was not signifi-
cant and was dropped). Thus, development became earlier
on white spruce than on balsam fir, and less retarded on
black spruce compared with balsam fir as the outbreak per-
sisted. There was also a significant positive correlation in
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Fig. 2. Log relative density of spruce budworm (N ′) (A–E), log relative stage-specific survival or recruitment rates (H ′) (F–J), and log
relative mortality in rearing (M ′) (K–N) of successive life stages of spruce budworm on three host plants: balsam fir (——), white
spruce (�), and black spruce (�). See text for definitions of life stages.



average annual values of α′ between the two spruce species
(Fig. 3B; r = 0.801, P < 0.017, n = 8).

Defoliation: relationship to density of spruce budworm
and host response

Defoliation of current-year foliage increased on all host
trees with the density of feeding spruce budworm larvae
(Fig. 4). When the three host species were tested simulta-
neously for differences in the relationship between log bud-
worm density (N3) and annual defoliation, no significant
differences were found (model [6], S term: F[2,20] = 1.25, P =
0.31). Differences in shoot density among host species (Fig. 5A)
had no significant effect on the relationship (F[1,20] = 2.82,
P = 0.11). This common relationship (all host species
pooled) between the density of feeding larvae, N3, and defo-
liation, D, was as follows:

[10] D N* . ( . ) . ( . )= − ± + ±1 39 0 25 1 03 0 11 3

valid for N3 > 20 larvae/kg (F[1,30] = 86.5, P < 0.001, Fig. 4,
solid line). However, defoliation until 1993 was less severe
on white spruce than on balsam fir (Fig. 1B) despite equal
densities of feeding budworms on these two host species for
most of that time (Fig. 1A). A comparison of the defoliation
relationships to budworm density between white spruce and
balsam fir confirmed that white spruce suffers significantly
less defoliation at a given budworm density than does
balsam fir (F[1,22] = 5.1, P = 0.034; Fig. 4). Accordingly,

species-specific regressions could be used for prediction
(Fig. 4, dashed lines).

[11] D
N* . ( . ) . ( . )

. ( . ) . ( .
=

− ± + ±
− ± + ±

1 59 031 115 013

1 75 038 115 0
3

13 3)N





for balsam fir

for white spruce

There were significantly fewer new vegetative buds per
living 45-cm branch tip (F[2,29] = 6.52, P = 0.005) on balsam
fir (80.4 ± 7.1 (SEM) buds/branch tip) than on either white
spruce (125.3 ± 12.6) or black spruce (117.5 ± 9.4). White
spruce and black spruce did not differ in this respect (Stu-
dent’s t = –0.33; P > 0.94). However, branch tips were sig-
nificantly lighter (F[1,33] = 48.8, P < 0.001) from balsam fir
(68.7 kg/branch tip ± 1.6) than from either white spruce
(119.5 ± 7.1) or black spruce (90.3 ± 2.9). The weight difference
between white and black spruce branch tips also was significant
(Student’s t = –4.56; P = 0.002). The net result was no signif-
icant differences among tree species in the density of current-year
shoots per unit branch tip weight (F[2,29] = 1.79, P = 0.18).

Shoot density Ψ, however, increased sharply for all host
species after 1990 and then decreased in 1995 (Fig. 5A).
There was a strong, positive, and highly significant relation-
ship between shoot density in any given year and cumulative
defoliation up to the previous year (Ωt–1) (F[1,27] = 37.1, P <
0.001). Interestingly, the increase in shoot density occurred
at lower levels of defoliation in black spruce than in the
other two species (Fig. 5B: host-species F[2,27] = 18.3, P <
0.001). A single year of severe defoliation (Dt > 90%) also
significantly affected the density of shoots in the same year
(F[1,27] = 12.3, P = 0.002). The effect of severe current-year
defoliation on shoot density may have resulted from the de-
struction of shoots by feeding larvae as soon as buds flush,
thus decreasing the number of shoots counted later in the
summer. Note that in years of extreme defoliation on white
spruce and balsam fir (1990, 1993), shoot density dropped
even in black spruce (Fig. 5A). This is consistent with the
shoot-destruction hypothesis, as this destruction may have
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Fig. 3. (A) Relationship between relative development on white
spruce (�) and black spruce (�) and average instar on balsam
fir α f . Polynomial regressions: white spruce (——); black spruce
(- - - -). (B) Yearly average value of relative development (α ′)
on white spruce (�) and black spruce (�).

Fig. 4. Relationship between defoliation of current year foliage
(%) and density of spruce budworm in the early larval stages on
three host plants: balsam fir (�), white spruce (�), and black
spruce (�). Curves: eq. 10, all species combined (——); and
eq. 11, for balsam fir (- - - -) or for white spruce (- – - – -).



been restricted on black spruce to the few early-flushing
buds that young budworm larvae succeeded in penetrating.

Spruce budworm impact at the stand level
Defoliation by spruce budworm affected stand structure at

Black Sturgeon Lake through differential mortality of
host-tree species and size classes. By 1995, 89% of the bal-
sam fir (n = 197), 49% of the white spruce (n = 184), but
only 6% of the black spruce (n = 69) trees that had been
alive and codominant (DBH > 10.0 cm) in the stand in 1985
were dead. This effect of tree species on mortality was highly
significant (reduced model [9], generalized linear mixed-model
logistic regression procedure, F[2,446] = 44.26, P < 0.001).
Survivors were those trees largest in girth (F[1,446] = 30.70,
P < 0.001). There was no significant S × DBH interaction
(F[2,444] = 1.84, P = 0.16).

In the independent census of 1997 using fixed-area plots,
very high mortality was confirmed in all size classes of bal-
sam fir (90%, n = 630). Mortality was intermediate for white
spruce (73% n = 97) and lowest for black spruce (48%, n =
128). As in the 1995 census, the highest mortality in both
spruce species in 1997 was recorded in the smallest size
classes (Fig. 6A). This size-dependent mortality explains, in
part, the apparent significant increase in mortality of white
and black spruce between the 1995 and 1997 censuses, as a
smaller minimum size class was used in 1997 (DBH > 2.0 cm)
compared with 1995 (DBH > 10.0 cm).

Mortality of the most common nonhost trees with DBH >
2.0 cm in 1997 was 17% (n = 262) for trembling aspen and
11% (n = 36) for white birch. This was essentially the back-
ground level of mortality noted for these species in 1985
(Lethiecq and Régnière 1988).

The basal area of all major tree species, host and nonhost,
in the study site increased considerably between 1967 and
1985 (Fig. 6B). After 1985 when there had already been at
least 2 years of greater than 50% defoliation on white spruce
and balsam fir (Fig. 1B), the basal area of host trees stopped
increasing. After 1990, the basal area of balsam fir declined
rapidly as trees died. Decreases in basal area of both spruce
species were also recorded in that period (Fig. 6B), although
the decrease in basal area was less dramatic for spruce, be-
cause the mortality rate was lower and was concentrated in
the smaller size classes (Fig. 6A). In contrast, the basal area
of trembling aspen, the major nonhost tree in the study site,
increased at an accelerated rate after 1993, while significant
mortality of conifers was occurring (Fig. 6B).

By 1997, more than 90% of the living balsam fir and 60%
of the living spruce in the stand were <0.75 m in height. The
density of balsam fir regeneration was ca. 7500 stems/ha,
while the combined stem density of all size classes of both
spruce species was only 655 stems/ha (personal communica-
tion, K. Baldwin, Canadian Forest Service, Sault Ste-Marie,
Ont.).

Discussion

Interpreting patterns of impact caused by outbreaks of the
spruce budworm is enhanced by considering the influence of
tree species composition (Bergeron et al. 1995; Su et al.
1996) and by quantifying both susceptibility and vulnerabil-
ity of trees (MacLean and MacKinnon 1997). Most studies
analyze stand-level attributes. Few have investigated ecologi-
cal relationships related to the process of herbivory of sev-
eral host-tree species by the spruce budworm in a single
mixedwood stand and related these insect–host relationships
directly to consequent impact at the stand level.

At the beginning of each generation of the spruce
budworm in a mixedwood stand, balsam fir, white spruce,
and black spruce are all susceptible to the spruce budworm,
in the sense that female moths readily oviposit and their
progeny overwinter equally well on all three host species.
Our results indicate that apparent oviposition preferences
may not be as strongly related to host species as many have
suggested (Jaynes and Speers 1949; Greenbank 1963b; Wil-
son 1982) but depend also on relative defoliation levels of
the various tree species in the stand (Craighead 1924). At
Black Sturgeon Lake, defoliation was greatest on balsam fir
early in the outbreak but greater on white spruce later in the
observation period (Fig. 1B). Species differences in the per
capita recruitment to the egg stage reflect that history
(Fig. 2J). Thus, oviposition on all hosts may depend on their
relative condition with moths preferring to oviposit on
shoots with the greatest needle density (Städler 1974). This
inferred relationship between oviposition and the physical
condition of the tree also functioned at the population level
with net emigration of egg-bearing moths from Black Stur-
geon Lake during years of severe defoliation (Nealis and
Régnière 2004).
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Fig. 5. (A) Change in number of current-year shoots per kilo-
gram on 45-cm branch tips of balsam fir (�), white spruce (�),
and black spruce (�). (B) Relationships between shoot density
and cumulative defoliation. Years when current defoliation Dt <
90%: balsam fir (�,——), white spruce (�, - - - -), black spruce
(�,- – - – -). Years when current defoliation Dt ≥ 90%: balsam
fir (�,——) and white spruce (�, - - - -).



Increased survival of neonate larvae on spruce relative to
balsam fir over time (Fig. 2F) may also reflect pronounced
deterioration of the physical suitability of balsam fir as an
overwintering habitat as defoliation persisted. Blais (1952)
noted the preference of neonate spruce budworm for the
woody, cup-like bracts produced by the pollen cones of bal-
sam fir, and improved survival of spruce budworm has been
associated with years of abundant production of pollen cones
by this host species (Greenbank 1963a). Repeated defolia-
tion, in turn, reduces production of pollen cones on balsam
fir (Ghent 1958b) and so could reduce the relative suitability
of balsam fir as an overwintering site over the course of an
outbreak.

Dramatic host-related differences in survival and density
of spruce budworm occur following spring emergence with a
greater loss of budworms from black spruce than from either
balsam fir or white spruce (Fig. 2C). Although black spruce
is an acceptable host for oviposition and hibernation,
early-emerging spruce budworm larvae do not establish readily
on this host species following spring emergence because of
its later bud break and the unsuitability of previous-years’
needles as a food source (Craighead 1924; Blais 1957;
Greenbank 1963b). Only those budworms emerging later es-
tablish feeding sites and remain on black spruce. The result
is the observed lower densities of newly emerged spruce
budworm on black spruce compared with white spruce and
balsam fir. Corroborative evidence of this is the apparent
slower relative rate of development of budworms on black

spruce (Fig. 3A) as early-emerging larvae leave the host (or
die), and larvae that are retarded in their emergence are re-
tained. Such differential loss of spring-emerging budworms
from black spruce is similar to the mechanism suggested by
Volney et al. (1983) for differences in phenological patterns
in western spruce budworms, except loss of early-stage lar-
vae from black spruce may simply result in redistribution
among the more suitable host trees and not necessarily in
mortality to the spruce budworm as discussed below.

The change in susceptibility of black spruce early in the
season was short-lived. Survival of spruce budworm between
the early and late instars was actually greater on black
spruce than on either white spruce or balsam fir, and this dif-
ference increased over the outbreak period (Fig. 2H). Differ-
ential rates of larval movement within and between trees
may constitute part of this host-plant difference in survival.
Substantial redistribution of feeding larvae occurs (Régnière
et al. 1989), and the rate of larval movement is increased by
severe defoliation (Morris and Mott 1963). By the time
budworm enter the late-instar stage, the foliage of black
spruce is fully expanded and nutritious (Blais 1957) and less
damaged by larval feeding (Fig. 1B). Our unpublished ob-
servations of larval movement at Black Sturgeon Lake show
that the rate of emigration of late-instar larvae from a given
tree increased with budworm density, and that the rate of
emigration of larvae to a given tree increased with proximity
to white spruce. Because black spruce suffers less defolia-
tion during the early part of the season, its foliage represents
a food reservoir later in the season. This explains retention
of budworms on black spruce (Greenbank 1963b). It seems
most likely, therefore, that reduced larval movement on
black spruce, coupled with net redistribution of larvae from
damaged to undamaged trees led to the relatively high re-
cruitment to the late-feeding stages of spruce budworm on
black spruce. Nonetheless, the density of spruce budworm
remained lower on black spruce for the rest of the season
with correspondingly lower levels of defoliation (Fig. 1).

Differences in susceptibility between balsam fir and white
spruce were more subtle but can also be related to differ-
ences in phenology of the tree species and the consequences
for the insect–host relationship. Recruitment, survival, and
development rates of spruce budworm indicate, if anything,
that white spruce is the superior host, especially after 1990,
as the balsam fir component of the stand deteriorated rapidly
(Fig. 6B). Indeed, Mattson et al. (1991) found little evidence
of significant differences in the nutritional quality or in the
capacity for inducible defences of these species that would
suggest differences in susceptibility. Defoliation, however,
was less severe on white spruce than on balsam fir for a
given density of spruce budworm (Fig. 4).

These differences in spruce budworm density and defolia-
tion between balsam fir and white spruce are also related di-
rectly to interactions between the phenology of the spruce
budworm and the respective host plant. White spruce pro-
vides a superior food source for budworm development early
in the season, because shoots of white spruce develop more
quickly than those of balsam fir (Craighead 1924), and
higher concentrations of soluble nitrogen are associated with
this rapid growth early in the season (Durzan 1968). Also,
rapid development of white spruce shoots provides a warmer
microclimate (Lysyk 1989) that accelerates development of

© 2004 NRC Canada

Nealis and Régnière 1879

Fig. 6. (A) Mortality (% stems) in 5-cm DBH classes among
three spruce budworm host plants in the Black Sturgeon study
area; 1985: all species pooled (�); 1997: balsam fir (�), white
spruce (�), black spruce (�). (B) Changes in total basal area
(m2/ha) in three budworm host plants and trembling aspen be-
tween 1967 and 1997; balsam fir (�), white spruce (�), black
spruce (�), and trembling aspen (�).



spruce budworm (Wellington 1950) on white spruce relative
to that on balsam fir. We observed that the faster rate of de-
velopment for budworm on white spruce became more pro-
nounced (Fig. 3B) as severe defoliation of balsam fir
persisted and current-year shoots became smaller (Fig. 5B).
This deterioration of balsam fir would make the microcli-
mate of that species even less suitable for feeding budworms
as well as potentially prolonging the developmental period
of later stages simply because of a shortage of food (Lysyk
1989). Interestingly, the same phenological characteristics
that make white spruce a superior host for the spruce
budworm also reduce resulting damage. Fast development of
white spruce shoots reduces defoliation from budworms
feeding early in the spring, and their larger eventual size
provides ample food later in the season (Greenbank 1963b).
Further, white spruce produces more numerous inter-whorl
buds and substantially more secondary branches than does
balsam fir (Clark 1961) as well as numerous epicormic shoots
following defoliation (Fig. 5A). So although budworms may
consume nearly the same amount of foliage of both species,
the overall damage is greater on the more slowly growing
and sparser shoots of balsam fir (Régnière and You 1991).

Branch weight of all three host species varied little over
time in this study. This indicates that shoots produced fol-
lowing substantial cumulative defoliation were smaller than
shoots at the beginning of the outbreak in all three host spe-
cies, an effect of defoliation already noted in balsam fir
(Piene and MacLean 1999). Thus, all three species respond
to herbivory by producing smaller epicormic shoots to the
same extent and, therefore, seem to have a similar tolerance
to a given level of herbivory.

To summarize this discussion of susceptibility in terms of
host-related differences in budworm density and resulting
defoliation, lower defoliation of black spruce may be ex-
plained by a temporary reduction in susceptibility of black
spruce during spring emergence of the budworm, when the
retarded development of current-year shoots on black spruce
results in a pronounced reduction of budworm density. By
comparison, susceptibility of white spruce and balsam fir ap-
pear roughly similar throughout the budworm life cycle, yet
defoliation on white spruce is less than on balsam fir at the
same budworm density (Fig. 4), because rapid early-season
growth of white spruce reduces overall impact.

These differences in susceptibility to the spruce budworm
at the individual level determine impact and disturbance at
the stand level. Following 11 years of greater than 50% an-
nual defoliation at Black Sturgeon Lake, most of the
codominant and intermediate balsam fir alive at the begin-
ning of the outbreak had been killed (90% reduction of basal
area). The white spruce component was reduced by half
(50% reduction of basal area) with retention of the largest
trees. The lower susceptibility of black spruce, although sea-
sonally temporary, reduced budworm populations sufficiently
so that defoliation and therefore mortality were relatively
low in all size classes of that species. Nonhost-tree species
flourished during the outbreak. The basal area of trembling
aspen, for example, increased from 12 to 23 m2/ha in
12 years. Our data indicate that this gain accelerated from
1993 to 1997, presumably as a result of decreasing competi-
tion with conifers and the development of large gaps

(Kneeshaw and Bergeron 1996). Balsam fir regeneration do-
minated the forest floor following the outbreak. It is interesting
to note that forest composition in this same area preceding
the outbreak of the spruce budworm in the 1940s was char-
acterized by an aspen overstory with fairly dense stands of
even-aged balsam fir and moderate densities of spruce of
various ages (Belyea 1952; Ghent 1958a). The recurrence of
this general stand condition after the most recent outbreak
suggests that the effect of disturbance by spruce budworm in
the mixedwood forest near Black Sturgeon Lake was a re-
turn to the previous state of that same mixedwood forest
rather than a shift toward increasing dominance by balsam
fir, as had been predicted by Blais (1981). Thus, boreal
mixedwood ecosystems may be resilient (sensu Holling
1973) to even severe and prolonged disturbance by the spruce
budworm.

Our inferences clearly are constrained by observations
from one stand only. However, our results are consistent
with published observations elsewhere in the insect’s range
and with host-related differences in susceptibility and mor-
tality observed over more extensive landscapes (MacLean
1980; MacLean and MacKinnon 1997). By identifying
causal mechanisms inherent in the insect–host relationships,
impacts at the stand level can be interpreted in terms of
process-level, ecological relationships. At this level, relative
susceptibility of tree species as defined by spruce budworm
density or its surrogate, defoliation, seems sufficient to un-
derstand rates of tree mortality resulting from a spruce
budworm outbreak.
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