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Abstract: A diameter distribution survey at three sites in the interior of British Columbia revealed that the western
balsam bark beetle (Dryocoetes confusus Swaine) predominately attacked trees from the three to four largest diameter
classes at each site. However, the mean diameter of attacked trees was significantly different among sites, indicating
that factors other than diameter contribute to the susceptibility of subalpine fir (Abies lasiocarpa (Hook.) Nutt.) to the
western balsam bark beetle. A number of tree characteristics, including measures of growth, age, crown size, and
phloem thickness, were compared among a total of 22 successfully attacked, 26 unsuccessfully attacked, and 28
unattacked trees at three sites. Of the 12 tree characteristics measured, five showed significant differences between suc-
cessfully attacked and unattacked trees. Successfully attacked trees had a lower percentage of the bole covered with
constant crown, lower crown volume, lower radial growth in the last 5 years, and were older than unattacked trees.
Successfully attacked trees also produced less induced resinosis than unsuccessfully attacked trees. The results of this
study suggest that western balsam bark beetle mortality may be limited by the presence and distribution of susceptible
hosts. The study also identifies a number of variables that could be used in a susceptibility and risk rating model for
western balsam bark beetle.

Résumé : Un inventaire de la distribution du diamètre des arbres dans trois sites à l’intérieur de la Colombie-
Britannique montre que le scolyte du sapin de l’Ouest (Dryocoetes confusus Swaine) attaque surtout les arbres dans les
trois ou quatre plus fortes classes de diamètre dans chaque site. Cependant, le diamètre moyen des arbres attaqués est
significativement différent selon le site, indiquant que d’autres facteurs que le diamètre contribuent à la susceptibilité
de sapin subalpin (Abies lasiocarpa (Hook.) Nutt.) au scolyte du sapin de l’Ouest. Plusieurs caractéristiques des arbres,
incluant des mesures de croissance, d’âge, de dimension de la cime et d’épaisseur du phloème, ont été comparées pour
22 arbres sur lesquels l’attaque avait réussi, 26 arbres sur lesquels l’attaque n’avait pas réussi et 28 arbres qui n’avaient
pas été attaqués répartis dans les trois sites. Parmi les 12 caractéristiques individuelles mesurées, cinq étaient significa-
tivement différentes selon que les arbres avaient été attaqués avec succès ou qu’ils n’avaient pas été attaqués. Les ar-
bres sur lesquels l’attaque avait réussi avaient un plus faible pourcentage du tronc couvert par une cime persistante, un
volume de cime plus faible, une croissance radiale plus faible au cours des cinq dernières années et étaient plus vieux
que les arbres non attaqués. Les arbres sur lesquels l’attaque avait réussi produisaient également moins de résine que
les arbres qui n’avaient pas été attaqués. Les résultats de cette étude indiquent que la mortalité due au scolyte du sapin
de l’Ouest est possiblement limitée par la présence et la distribution d’hôtes susceptibles. L’étude identifie également
plusieurs variables qui pourraient être utilisées dans un modèle d’évaluation de la susceptibilité et du risque pour le
scolyte du sapin de l’Ouest.

[Traduit par la Rédaction] Bleiker et al. 1543

Introduction
Most species of bark beetles inhabit down or dying trees

(Rudinsky 1962). At high population levels, some species
that prefer dead or moribund trees have the ability to mass
attack and kill healthy hosts (Furniss and Carolin 1977). The

specific events that trigger insect outbreaks and allow less
aggressive beetles to kill healthy hosts are the subject of nu-
merous studies, but are not well understood for most spe-
cies. Epidemics of many tree-killing bark beetles have been
linked to substantial increases in susceptible host material
(Berryman 1972). Past studies exploring the nature of tree
and stand susceptibility for major tree-killing bark beetles,
such as mountain pine beetle (Dendroctonus ponderosae
Hopkins) (Amman 1972; Waring and Pitman 1983, 1985;
Shore and Safranyik 1992), spruce beetle (Dendroctonus
rufipennis Kirby) (Hard et al. 1983; Safranyik et al. 1983),
and Douglas-fir beetle (Dendroctonus pseudotsugae
Hopkins) (Furniss et al. 1981; Shore et al. 1999), have con-
tributed significantly to the development of relevant man-
agement strategies and options.

The western balsam bark beetle (Dryocoetes confusus
Swaine (Coleoptera: Scolytidae)) is the most destructive in-
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sect pest of subalpine fir (Abies lasiocarpa (Hook.) Nutt.) in
British Columbia (Garbutt 1992). Western balsam bark bee-
tle selectively kills small groups of subalpine fir at a rela-
tively low, but constant, level each year in infested stands
(Stock 1991; Unger and Stewart 1992). Although cumulative
mortality may reach significant levels in chronically infested
stands (Garbutt and Stewart 1991), western balsam bark bee-
tle is less aggressive than other tree-killing bark beetles at
epidemic levels. This selective and patchy distribution of
mortality suggests that western balsam bark beetle may be
limited by the abundance and distribution of susceptible
hosts. Identifying the characteristics of susceptible hosts
may contribute to a broader understanding of the ecology of
the beetle and aid in developing effective management prac-
tices.

Trees in the genus Abies lack extensive vertical resin ca-
nals (Bannan 1936) and rely on induced resinosis as their
defense against attack by bark beetles and fungi. Host vigor
has been identified as the main factor affecting the ability of
a tree to defend itself (Berryman 1982). Tree vigor, usually
indicated by measures of radial growth, may be influenced
by senescence, defoliation, pathogens, as well as other fac-
tors that cause stress (Coulson 1979; Kaufman and Ryan
1986; Waring 1987; Yoder et al. 1994; Nebeker et al. 1995).

The objective of this study was to identify characteristics
of subalpine fir trees susceptible to western balsam bark bee-
tle.

Materials and methods

Study sites
Field sampling was conducted at three sites in the

Engelmann Spruce – Subalpine Fir (ESSF) biogeoclimatic
zone (Meidinger and Pojar 1991) in the interior of British
Columbia during the summers of 1998 and 1999. The
Cherry Ridge site (Zone 10 Universal Transverse Mercator
(UTM) 393300E 5573300N) was in the wet cold subzone of
the ESSF, the Lumby site (UTM 362300E 5551700N) was
in the very dry cold subzone of the ESSF, and the Milk
River site (UTM 5914800E 655000N) was in the transition
zone between the moist mild subzone of the ESSF and the
moist cold subzone of the Interior Cedar–Hemlock zone.
Subalpine fir was the leading and dominant species at all
sites followed by Engelmann spruce (Picea engelmanni
Parry ex Engelm.) at the Cherry Ridge and Lumby sites, or
its hybrid with white spruce (Picea glauca (Moench) Voss)
at the Milk River site. Patches of western hemlock (Tsuga
heterophylla (Raf.) Sarg.) were common in the understory at
Milk River. There was no evidence of past logging activity
in any of the stands.

Tree characteristics
In August and September 1998, 6 to 10 transects 10 m

wide and 50 m apart were established at each site to map
and relocate specific trees. Subalpine fir trees attacked in
1998 that occurred in the transects were initially classified
using external signs as either unsuccessfully or successfully
attacked. Trees classified as unsuccessfully attacked had
fresh resin streaming on the bole, with very little or no frass
present; successfully attacked trees had frass accumulated at
the base, and moderate, light, or no resin on the bole.

A subset of the attacked trees was selected for felling and
intensive sampling at each site. To ensure that the sampled
trees were independent and not a result of spillover attack
from an adjacent sampled tree, all attacked trees selected for
felling were located at least 15 m apart, with a minimum of
two mature unattacked subalpine fir trees between them. Af-
ter felling, trees were reclassified as unsuccessfully or suc-
cessfully attacked based on an additional set of criteria:
unsuccessfully attacked trees had no live larvae present, and
no live adults present or a limited number of live adults
struggling in short galleries inundated with resin; success-
fully attacked trees had live adults and larvae present. All
unsuccessfully attacked trees were correctly classified; how-
ever, of trees originally classified as successfully attacked, 2
of 8, 2 of 12, and 3 of 9 trees at Cherry Ridge, Lumby, and
Milk River, respectively, were reclassified as unsuccessfully
attacked. The corrected classifications were used for all
analyses. Unattacked trees were selected as controls for ap-
proximately half of the felled trees by identifying the nearest
live, unattacked subalpine fir of similar (±10%) diameter at
breast height (DBH). Sample sizes were as follows: 7 unsuc-
cessfully attacked, 6 successfully attacked, and 8 unattacked
trees were sampled at Cherry Ridge; 11 unsuccessfully at-
tacked, 10 successfully attacked, and 12 unattacked trees
were sampled at Lumby; and 8 unsuccessfully attacked, 6
successfully attacked, and 8 unattacked trees were sampled
at Milk River.

The following variables were measured for each tree:
DBH (cm), height (m), mean crown width (m) (from two
measurements taken at 90° angles to each other), mean
phloem thickness (mm) (derived from measurements taken
on the east and west aspects at 1, 4, 8, 12, and 16 m), per-
centage of bole with live crown, and percentage of bole with
constant crown (used length of the bole with complete and
continuous whorls of branches). Crown volume (m3) was es-
timated using mean crown width and the length of constant
crown to calculate the volume of a cone. Attacked trees with
new resin present on the bole were given one of the follow-
ing three resin ratings: light, resin beads or a few streams
present with a large part of the bole lacking resin; moderate,
resin streaming pronounced but covers only a short length of
the bole or partial circumference; or heavy, bark obscured by
resin in the area of the bole with streaming.

Stem disks were taken at 0.5 m above the ground from
each felled tree, except at the Milk River site where disks
were recut in 1999 at 1.3 m because the flared bases of some
trees obscured the growth pattern. Two radii per disk were
selected for measurement using the method outlined by
Chapman and Meyer (1949). A number of cumulative and
periodic growth indices were calculated using the data aver-
aged from the two radii. Because of autocorrelation between
the indices, only 5-year cumulative diameter growth was
used in the analyses. Age and canopy age, at 0.5 or 1.3 m,
were recorded from one of the radii. Canopy age was taken
from the time when the tree showed evidence of sustained
release. In cases where there was no significant sustained in-
crease in ring width over the radii, canopy age was the same
as age. Disks were measured using Windendro software (Re-
gent Instruments Inc., Québec, Que.) and a Hewlett-Packard
ScanJet 4c/T scanner (Hewlett-Packard Ltd., Palo Alto, Ca-
lif.).
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Diameter survey
Six to 12 strip plots, 20 × 5 m, were systematically lo-

cated along the established transects at each site. Species
and DBH of every tree greater than 1.3 m in height occur-
ring in the plot were recorded. Subalpine fir trees were clas-
sified according to one of the following conditions: 1, live
unattacked; 2, 1998 unsuccessful attack; 3, 1998 successful
attack; or 4, pre-1998 successful attack (fading, red, or grey
attack).

Data analysis
Data from the diameter distribution survey were graphed

to determine the diameter distribution of attacked trees at
each site. Site differences in the DBH of attacked trees were
tested using a one-factor analysis of variance (ANOVA).
Pearson correlation matrices were used to examine the asso-
ciations among growth indices and tree characteristics. Tree
characteristics were analyzed for differences among attack
classes (unattacked, unsuccessfully, and successfully at-
tacked) and sites using a three-factor nested ANOVA. Attack
class and site were entered in the model as fixed factors, and
individual trees were nested under attack class and site and
entered as a random factor. A logarithmic transformation
was applied to crown volume prior to analysis to correct for
non-normality. Significant ANOVAs (P < 0.05) were fol-
lowed by Bonferroni’s multiple comparisons test. Pearson
chi-square was used to test for independence between attack
class and resin production. To avoid bias from small fre-
quencies, data for resin production rating were pooled across
sites resulting in a mean expected frequency of at least six
(Zar 1999). Data were analyzed using SYSTAT 9.0 (SPSS
Inc., Chicago, Ill.).

Results

Diameter survey
The diameter survey measured 64 trees at Cherry Ridge,

354 trees at Lumby, and 468 trees at Milk River.
Mean diameter (±SE) of attacked trees was significantly

different among sites, with the largest trees at Cherry Ridge
(44.4 ± 3.3 cm), followed by Milk River (31.2 ± 1.0 cm) and
Lumby (22.3 ± 1.0 cm) (F[2,103] = 39.086, P < 0.001;
Bonferroni’s multiple comparisons test P < 0.001). The ma-
jority of attacks occurred in the top three diameter classes at
Lumby (Fig. 1). Larger trees were also attacked at Milk
River; however, the two trees that composed the largest di-
ameter class were not attacked (Fig. 1). Because of the small
number of trees sampled in the diameter survey at Cherry
Ridge, it was excluded from Fig. 1; however, the 11 attacked
trees that were surveyed at Cherry Ridge were in the top
three diameter classes (30–60 cm DBH). Western balsam
bark beetle contributed to the mortality of over three-
quarters of the subalpine fir in the top two diameter classes
(20–40 cm DBH) at Lumby, and to that of half the subalpine
fir in three of the four largest diameter classes (20–50 cm
DBH) at Milk River (Fig. 1).

Tree characteristics
Of the tree characteristics analyzed, age, 5-year cumula-

tive growth, percentage of bole with constant crown, and
crown volume showed significant differences among attack

classes (Table 1). Successfully attacked trees were signifi-
cantly older than unattacked trees, had significantly lower
growth over the last 5 years, had a lower percentage of their
bole covered in constant crown, and had a smaller crown
volume (Table 1). Although unsuccessfully attacked trees
did not differ significantly from successfully attacked trees
or unattacked trees in terms of age, 5-year cumulative
growth, and percentage of the bole covered in constant
crown, the means were in between those of successfully at-
tacked and unattacked trees (Table 1). Of the tree character-
istics that differed significantly among attack classes,
percentage of bole with constant crown and crown volume
were significantly correlated at all three sites (P < 0.05).
Five-year cumulative growth and percentage of bole with
constant crown were moderately correlated, but only at the
Cherry Ridge site (P < 0.05).

Resin production was not independent of attack class
(χ2 = 12.509, P < 0.001). Eighteen of 26 unsuccessfully at-
tacked trees were classified as having moderate to heavy
resin present, whereas only 4 of 22 successfully attacked
trees had moderate resin (Table 2).

Discussion

Susceptibility of subalpine fir to attack by western balsam
bark beetle was associated with tree diameter, age, recent ra-
dial growth, induced resinosis, the percentage of the bole
with constant crown, and crown volume.
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Fig. 1. Percentage of standing subalpine fir in each diameter
class by attack status at Lumby (A) and Milk River (B) sites. There
were only two trees in the DBH class denoted by an asterisk.

I:\cjfr\cjfr3308\X03-071.vp
July 10, 2003 10:15:09 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



Large diameter is a common characteristic of hosts sus-
ceptible to attack by tree-killing bark beetles (Cole and
Amman 1969; Baker and Kemperman 1974; Furniss et al.
1981; Shore et al. 1999). Larger diameter trees may provide
a more suitable habitat or food source for attacking adults
and developing offspring because of increased phloem thick-
ness (Amman 1972; Cole 1973; Amman and Pace 1976;
Cole and Cahill 1976; Haack et al. 1987). Phloem thickness,
as it affects host suitability, may explain the preference of
beetles for larger diameter trees as seen in Fig. 1; however,
attacking beetles did not differentiate among trees of compa-
rable diameter based on phloem thickness in our study.

Western balsam bark beetle predominantly attacked trees
from the three to four largest diameter classes at each site,
with the exception of the largest diameter class at Milk
River, which only contained two trees. Thus, a large-
diameter, highly susceptible tree at one site may be only a
medium-sized, less-susceptible tree at another site. This in-
dicates that factors other than diameter also contribute to the
susceptibility of subalpine fir to western balsam bark beetle.
Smaller-diameter attacked trees were usually located next to
larger mass-attacked trees (K.P. Bleiker, personal observa-
tions). Beetles attracted to the larger-diameter mass-attacked
trees may have landed on smaller adjacent trees as a result
of increasing levels of anti-aggregation pheromones pro-
duced by mated females (Stock and Borden 1983).

Tree diameter and age are usually correlated, with the old-
est trees in a stand being the largest. Therefore, the increase
in the susceptibility of subalpine fir to attack by western bal-
sam bark beetle with tree age may be due, in part, to the ef-
fects of diameter. However, given that there was no
significant difference in the mean diameters of unsuccess-
fully and successfully attacked trees (unattacked trees were

selected to be of similar diameter to attacked trees), the in-
crease in susceptibility with age may be related to the effects
of senescence. Senescence has been associated with a de-
cline in host vigor, although the nature of the relationship
has not been resolved (Coulson 1979; Kaufman and Ryan
1986; Yoder et al. 1994). Studies by Furniss et al. (1981)
and Shore et al. (1999) have shown that Douglas-fir beetle,
which prefers down or weakened hosts, preferentially at-
tacks older trees.

The decline in host vigor, as indicated by declining recent
radial growth from unattacked to unsuccessfully attacked to
successfully attacked trees, suggests that western balsam
bark beetle may not be able to overcome the defenses of
more vigorous hosts. Other studies have also associated sus-
ceptibility to bark beetle attack with reduced growth and
vigor (Ferrell 1973a, 1973b; Ferrell and Hall 1975; Hard
1985; Larsson et al. 1983; Waring and Pitman 1985; Lessard
and Schmid 1990; Shore et al. 1999). Beetles may be able to
recognize low-vigor hosts and preferentially select them for
attack.

Faster-growing trees were less susceptible to attack by
western balsam bark beetle than slower-growing trees, which
may be due to the higher quantities of induced resinosis that
were observed on fast-growing trees. Induced resinosis is re-
sponsible for repelling attacks by adult beetles, inhibiting
the establishment of blue-stain fungi associated with bark
beetles, deterring oviposition, and increasing brood mortality
(Reid et al. 1967; Berryman 1969; Berryman and Ashraf
1970; Christiansen 1985). Host vigor may also affect quali-
tative aspects of the induced response, e.g., relative amounts
of toxic compounds or viscosity (Wong and Berryman 1977;
Bordasch and Berryman 1977; Raffa and Berryman 1983;
Raffa et al. 1985; Lewinsohn et al. 1993; Rohde and
Lunderstadt 1996; Nagy et al. 2000).

Reduced photosynthetic ability may affect the induced re-
sponse, which depends on the efficient translocation of cur-
rent photosynthate to the invasion site (Christiansen and
Ericsson 1986; Miller and Berryman 1986). Defoliation and
pruning may increase susceptibility to bark beetles or their
symbiotes (Wright et al. 1979; Miller and Berryman 1986;
Christiansen and Fjone 1993). The tendency of successfully
attacked trees to have a smaller crown suggests that crown
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Unattacked trees
Unsuccessfully
attacked trees

Successfully
attacked trees

n Mean (SE) n Mean (SE) n Mean (SE)

Diameter (cm) 28 33.7 (1.9)a 26 34.7 (1.7)a 22 32.7 (1.8)a
Height (m) 28 24.4 (0.8)a 26 24.4 (0.6)a 22 24.2 (0.9)a
Age (years) 25 179.6 (8.9)a 19 196.6 (12.3)ab 18 213.4 (12.1)b
Canopy age (years) 26 117.9 (3.7)a 23 116.7 (3.3)a 20 121.5 (2.4)a
5-year growth (mm) 27 4.5 (0.3)a 26 3.7 (0.3)ab 22 2.8 (0.4)b
% bole with live crown 28 69.0 (2.6)a 26 68.4 (2.4)a 22 62.4 (2.4)a
% bole with constant crown 28 56.0 (2.0)a 26 54.6 (1.8)ab 22 48.7 (1.9)b
Mean crown width (m) 28 3.0 (0.1)a 26 3.1 (0.2)a 22 2.8 (0.2)a
Crown volume (m3) 28 36.3 (4.1)a 26 36.6 (4.5)a 22 27.0 (3.7)b
Mean phloem (mm) 27 5.4 (0.3)a 26 5.4 (0.3)a 22 5.7 (0.3)a

Note: Means within rows followed by the same letter are not significantly different (ANOVA, P > 0.05).

Table 1. A comparison of tree characteristics among unattacked, unsuccessfully attacked, and
successfully attacked trees at Lumby, Cherry Ridge, and Milk River sites.

No
resin

Light
resin

Moderate
resin

Heavy
resin

Unsuccessful 0 8 18 3
Successful 2 18 4 0

Table 2. Number of trees in each resin category by
attack class (Lumby, Cherry Ridge, and Milk River
sites combined).
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size may be related to resistance. Increased susceptibility of
trees with a lower proportion of the bole with constant
crown could also be due to higher rates of successful land-
ings on such trees. Branches may inhibit incoming beetles
from locating and landing on the bole. Although beetles may
land lower on the bole and walk up the tree before attacking,
the relatively high flight path of western balsam bark beetle,
as shown by Stock (1991), suggests that this beetle may also
land on the upper bole.

The preference of western balsam bark beetle for low-
vigor hosts is shared by most other species of bark beetles
(Rudinsky 1962). Stressed and downed trees may emit
volatiles that enable insects to locate weakened hosts. Fur-
thermore, weakened hosts may have lowered defense sys-
tems (White 1969), which would increase the likelihood of
successful brood production. The results of this study sug-
gest that western balsam bark beetle may be limited by the
presence and distribution of susceptible hosts. Therefore,
stand management practices that increase host vigor could
be used to reduce mortality caused by western balsam bark
beetle. The factors that affect susceptibility identified in this
study should also be considered in the development of a sus-
ceptibility and risk rating model for western balsam bark
beetle.
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