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ABSTRACT High-intensity Þres are known to kill adult and larval bark beetles, but it is unclear how
mountain pine beetles (Dendroctonus ponderosaeHopkins) respond to trees that have been damaged
by lower-intensity ground Þres at the periphery of burns. We conducted an experiment to determine
whether mountain pine beetles preferentially attack trees that have been damaged by Þre and to
determine how Þre damage affects beetlesÕ reproductive success. We simulated different intensities
of ground Þres by artiÞcially burning a strip of bark that extended zero-thirds, one-third, two-thirds,
or three-thirds around a treeÕs circumference. Burn treatments were applied �7 wk before beetles
emerged from surrounding trees. We found that beetles did not preferentially attack Þre-damaged
trees; Þre damage had no effect on the number of beetles landing on a tree, which treeswere attacked,
attack rate, attack density, or the body size of beetles attacking a tree. Beetle reproductive success
(number and condition of offspring) was also not affected by Þre damage. Beetles were more likely
to overcome tree defenses and produce successful egg galleries on Þre-damaged trees than on
undamaged trees, but this was only observed on trees with low beetle attack densities. If beetle attack
density was high, trees were successfully attacked irrespective of burn treatment. Our results suggest
that Þredamageonly affectsmountainpinebeetle reproduction andpopulation growth in areaswhere
attack densities are low. In other situations, Þre damage will have negligible effects on beetle attack
and reproductive success.
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OUTBREAKS OF MOUNTAIN PINE beetle (Dendroctonus
ponderosaeHopkins) and Þre are both landscape level
phenomena that can drastically alter the forest envi-
ronment (Cole et al. 1976, McCullough et al. 1998).
The mountain pine beetle is an aggressive bark beetle
that attacks live lodgepole pine trees (Pinus contorta
Dougl. Ex. Loud variety latifolia Engelmann) and
must kill the trees to successfully reproduce (Raffa
and Berryman 1983). During mountain pine beetle
outbreaks, beetle density can increase by several or-
ders of magnitude, and beetle-induced tree mortality
can occur over thousands of hectares (Cole et al.
1976). Recently there has been an increased interest
in potential interactions betweenÞre andbeetles. Fire
has been proposed as a tool to kill mountain pine
beetle in stands that have been extensively attacked
(Smith et al. 1983, Stock and Gorley 1989, Hadley and
Veblen1993).The success of this approachdepends in
part on how many beetles are killed by Þre; a recent
study found that approximately one-half of beetles
werekilled in a controlledburn(Safranyik et al. 2001).
However, it also depends on how the next generation
of beetles responds to Þre-damaged trees (Ryan and
Reinhardt 1988, Amman and Ryan 1991, Santoro et al.

2000). Here we examine whether mountain pine bee-
tle preferentially attack Þre-damaged trees and
whether Þre damage affects mountain pine beetlesÕ
reproductive success.
In general, thevalueof ahost tree formountainpine

beetle reproduction is a function of tree defenses
(Berryman 1972, Raffa and Berryman 1982), the nu-
tritive quality of the phloem tissue where they repro-
duce, and the density of attacking beetles (Berryman
1976, Amman and Pasek 1986).Mountain pine beetles
overwhelm tree defenses by using a synchronized
mass attack, with attack density increasing reproduc-
tive success up to the optimum attack density where
tree defenses are overcome. Additional attacks above
the optimum decrease reproductive success because
of the detrimental effects of larval competition (Raffa
and Berryman 1983). Environmental factors, such as
water stress, other pathogens, and possibly Þre, that
reduce tree defenses relative to phloem quality (Ru-
dinsky1962,Berryman1972,Raffa andBerryman1987,
Berryman et al. 1989, Ball andMcLeod 1997, Hanks et
al. 1999)will make individual host treesmore valuable
to mountain pine beetle.
Previous researchers have found that a treeÕs re-

sponse to Þre damage is dependent on species and Þre
intensity. Santoro et al. (2000) reported that red pine1 E-mail: cmelkin@ucalgary.ca.
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(Pinus resinosa Aiton), a species adapted to both Þre
and bark beetle attack, responds to Þre damage by
increasing resin ßow. Conversely, in another Þre-
adapted tree, lodgepole pine, Þre decreases levels of
terpenes and other defensive metabolites that trees
use to defend against beetle attacks (Jakubas et al.
1994). Jakubas et al. (1994) also note that Þre-dam-
aged lodgepole pine had increased levels of crude
protein, a measure of total nitrogen. For many her-
bivorous insects, development and growth are limited
by nitrogen availability (Shibata 1995). If Þre dispro-
portionately decreases tree defenses relative to
phloem quality or decreases defenses while simulta-
neously increasing phloem quality, Þre-damaged
lodgepole pine will be better reproductive environ-
ments for mountain pine beetles and may be prefer-
entially attacked.
Beetle response to Þre-weakened trees may also

depend on beetle population density. In low-density
mountain pine beetle populations, there is an insufÞ-
cient number of beetles to attack trees with good
defenses, and beetles are restricted to attackingweak-
ened trees that have correspondingly lower defenses
(Hodges and Pickard 1971, Berryman 1976). Con-
versely, in high-density populations, there are sufÞ-
cient beetles to allow vigorous trees to be attacked
irrespective of defense levels. Given this, we expect
greater selective pressure for beetles to locate and
preferentially attackweakenedhost trees in areaswith
lower mountain pine beetle population densities.
If mountain pine beetles are attracted to Þre-dam-

aged trees, Þremay be amechanism that localizes and
concentrates beetle populations. Factors that concen-
trate beetles increase the functional beetle population
density and allow the beetles to attack more vigorous
trees that possess high-quality phloem (Berryman
1976). Therefore, in addition to potentially increasing
habitat quality, Þre damage may also facilitate the
transition between low-density populations and high-
densityoutbreakpopulations (White andPowell 1997,
Logan et al. 1998).
It is currently unclear whether the mountain pine

beetle responds differentially to Þre-damaged trees.
Stock and Gorley (1989) reported that mountain pine
beetle attacks were heavy along the periphery of a
prescribed Þre used to control a mountain pine beetle
infestation. They suggest that this high attack density
maybebecausemountainpinebeetles are attracted to
long-range cues associatedwithÞre such as smoke and
heat or because the trees on the periphery of the Þre
were more susceptible to beetle attack. Conversely,
Amman and Ryan (1991) and McHugh et al. (2003)
reported that mountain pine beetles do not preferen-
tially attack trees that have been injured by Þre. Sim-
ilarly, Hanula et al. (2002) reported that the southern
pine beetle (Dendroctonus frontalis Zimmermann)
and other secondary beetles (Ips. spp.) did not in-
crease in abundance in Þre-damaged stands. These
studies examined trees in or around burned stands,
where stand conditions were altered in addition to
effects on individual trees. In this study, we experi-
mentally burned individual trees to determine if tree

characteristics inßuenced the response of mountain
pine beetles and their subsequent reproductive suc-
cess.

Materials and Methods

Five plots were established in both Banff (51.2� N,
115.5� W) and Kootenay (50.8� N, 116.0� W)National
Parks during June 2001. All plots were located within
lodgepole pine stands withmountain pine beetle pop-
ulations and similar stem density distributions. We
conducted preliminary ground surveys inMay 2001 to
assess the number and condition of trees attacked by
mountain pine beetle at potential study areas. Based
on these preliminary surveys of mountain pine beetle
infestations, individual plots were selected to encom-
pass different mountain pine beetle population den-
sities.After the conclusionof thebeetlesÕ ßight period,
we quantitatively estimated beetle population density
at each plot. Plots were separated by a minimum of
75m.Eachplotwas a 10-m-radius circle encompassing
23Ð36 lodgepole pine trees. All live lodgepole pine
treeswithin each plotwere Þrst assigned an individual
number, and their diameter at breast height (DBH)
was measured. Within each plot, trees were ranked
and grouped in fours according toDBH, and four burn
treatments were randomly assigned within each
grouping.
Burn treatments consisted of zero-thirds, one-third,

two-thirds, and three-thirds of thebole circumference
being burned to kill the cambium. These treatments
were intended to simulate Þre damage that trees
would experience during a ground Þre and that would
occur at the periphery of a prescribed burn (Dickin-
son and Johnson 2001). Propane torches were used to
scorch a 3-cm-wide strip that extended around the
circumference of the bole at a height of 12 cm above
the duff. We used heat transfer equations outlined in
Gutsell and Johnson (1996) to calculate how long the
ßame needed to be applied to damage cambial tissue.
Because we were not able to directly assess the affect
of our burn treatments on the cambial tissue without
causing additional damage to the trees, we used con-
servative estimates of ßame temperature (low) and
bark thickness (thick) so that our calculated required
duration of scorching produced a long estimate. We
assumed that the propane torches produced a surface
temperature of 250�C and that the threshold for cam-
bial deathwas 70�C(Gutsell and Johnson1996). Based
on these temperatures, we calculated that continual
heating of a 1-cm2 area for 1 min would be sufÞcient
to produce serious damage, or cambial death, over the
range of bark thickness observed in our study plots.
Burn treatments were applied on 2 June 2001 in Koo-
tenay and on 23 June 2001 in Banff.
We estimated beetle population density by record-

ing tree andbeetle attack characteristics in eachof our
experimental plots and two additional 10-m-radius
plots adjacent to each of the experimental plots. We
recorded the total number of new successful beetle
attacks below a height of 2 m, total number of non-
successful new beetle attacks below 2 m, the number
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of trees in a plot, the density (attacks/m2) of new
attacks, and the total number of mountain pine beetle
attacks below 2 m during the previous 1-, 2-, and 3-yr
periods. The needles of mountain pine beetle-at-
tacked lodgepole pine trees progress through distinct
color changes in the years after attack. The Þrst year
after a tree is attacked and killed by mountain pine
beetles, the needles appear “straw-yellow” in the
spring and becomemore red throughout the year; the
second year, they appear brick red andbegin to fall off
the tree; and the third year, they appear brown, and
mostneedleshave fallenoff (Safranyiket al. 1974).We
used these progressive color changes to determine
when old attacked trees were killed. We performed a
principal components analysis, using a correlationma-
trix, to condense the tree and beetle attack variables
(Manly 1994).
Wemeasured the nitrogen content of phloem from

a subset of treatment trees from each plot. Samples
were collected after the burn treatments, but before
beetle attacks, by cutting 1 by 10-cm phloem strips
from trees at a height of 1.5 m. Phloem samples were
transported to the laboratory on dry ice and subse-
quently kept at �70�C until nitrogen was measured.
Total Kjeldahl nitrogen content was measured using
Kjeldahl digestion (Etherington and Morrey 1967).
Total Kjeldahl nitrogen gauges bark protein content
by measuring organically bound nitrogen but not ni-
trite or nitrate. Phloem thickness of all treeswithin the
plotswasmeasured by cutting two 1-cm2 bark samples
from opposite sides of each tree at a height of 1.5 m.
Samples were collected in September 2001 at the end
of the beetlesÕ ßight period.Weused digital calipers to
measure phloem and bark thickness.
To attract beetles to the plots, we baited plots with

commercial mountain pine beetle pheromone baits
(mountain pine beetle tree baits: cis- and trans-ver-
benol, exo-brevicomin and myrcene; Phero Tech,
Delta, BritishColumbia,Canada) for 24hwhenbeetle
dispersal was about to begin. The goal of using baits
was to initiate beetle attacks within the stand while
allowing the beetles to choose which trees would be
attacked.We used four baits in each plot, each placed
5 m from the center of the plot and equidistant from
each other. Baits were attached to lines strung be-
tween trees at a height of 1.5 m. We placed the baits
such that no bait was�2.5m from the nearest tree. To
determine when to bait the plots, we monitored the
development and eclosion of mountain pine beetle
pupae in trees surrounding each plot that were at-
tacked the previous year. Once we began locating a
large number of mature and teneral adults under the
bark, we assumed that the mountain pine beetle ßight
was about to occur at that plot. Baits were left in each
plot for 24 h and then removed. An average of 8.6
trees/plot were attacked during the 24-h baiting pe-
riod (range, 4Ð14 trees attacked). Plots were baited
between 11 July and 6 August 2001.

BeetleAttackCharacteristics.Todetermine the rel-
ative number of beetles that land on the experimental
trees, we placed transparent acrylic barrier traps (20
by 30 cm) with collecting funnels on four trees per

burn treatment in each plot. Immediately after the
placement of pheromone baits, all trees within the
baited plots weremonitored for mountain pine beetle
attacks and forbeetles caught in thebarrier traps. Plots
were checked for new attacks daily or every 2 d, and
all new attacks that were below 2mwere marked and
recorded. We collected a subsample of beetles that
had recently attacked the treatment trees. On treat-
ment trees that had been attacked, we randomly ex-
cavated Þve recent attack galleries and collected the
beetles. Excavated beetles were used only if they had
produced a gallery �0.5 cm long to conÞrm the date
of arrival indicated by our marking of attacks. Imme-
diately after excavation, beetles were killed using the
dry insecticideVaponaand returned to the laboratory,
where theyweremeasured for body size and their sex
was determined.
Wemeasured female size and female energetic con-

dition to determine if the propensity of beetles to
attack burn treatment trees was dependent on these
beetle characteristics. Larger individuals and those
with more fat are expected to bemore selective when
choosing host trees (Atkins 1969, Anderbrant and
Schlyter 1989). If Þre-damaged trees are a preferred
host, we predicted that larger female beetles and bee-
tles in better condition would attack these preferen-
tially to undamaged trees.Wemeasuredbeetle prono-
tum width and total length to the nearest 0.04 mm
using a dissecting scope and ocular micrometer and
calculated their volume using the equation for the
volume of an ellipsoid. We assumed that beetles are
roughly cylindrical in cross-section, and used the
pronotum width measurement as the diameter mea-
surement for twodimensions.We also determined the
fat content using petroleum ether extraction (Atkins
1969). Individual beetles were dried at 63�C for 24 h,
and their drymass was recorded. Fat was extracted by
immersing beetles in 35Ð60�C petroleum ether in a
Soxhelet apparatus for 8 h. After fat extraction, the
beetles were again dried at 63�C for 24 h, and their dry
mass was taken. Mass of fat was calculated as the
difference in mass before and after fat extraction.
Female condition was measured using a body condi-
tion residual index (Jakob et al. 1996). We regressed
the mass of fat in female beetles against their volume
(N � 340; r2 � 0.227) and used the resulting residuals
as themeasure of condition.Abody condition residual
index provides a relative measure of beetle condition
that takes into account differences in fat that are a
function of beetle size. To conÞrm the robustness of
this analysis, we also analyzed the condition of attack-
ing beetles using the absolute measures of the mass of
fat a beetle had and the percent of a beetleÕs mass that
was fat.All of thesemetrics produced results thatwere
qualitatively the same.
We excavated Þve galleries from a subset of moun-

tain pine beetle-attacked trees at each of the plots at
the end of the beetlesÕ ßight period to measure attack
success. An attack was deemed successful if the treeÕs
resin response had not pitched out the beetle and
viable eggs were observed. Eggs were deemed viable
if theywerewhite andnotdiscolored,were turgid, and
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were embedded in phloem that was not inundated
with resin. Conversely, an attack was recorded as
unsuccessful if the beetle was pitched out or the gal-
lery was full of pitch and aborted. On each tree, we
calculated the proportion of attacks that were suc-
cessful.
To determine if beetles were less likely to attack

areas on a tree that had been charred by Þre, we
recorded the location of beetle attacks on no-burn
(zero-thirds) and full burn (three-thirds) burn treat-
ments. We recorded the number of attacks in two
20-cm bands on each tree. One 20-cm band began 15
cm from the bottom of the tree and encompassed the
charred region on the three-thirds treatments. The
second 20-cmband began at a height of 50 cm andwas
above the region that was charred.Wemeasured den-
sity as the number of beetle attacks in the 20-cm
circumference area on each tree.

Beetle Reproduction in Burnt Trees.Wemeasured
mountain pine beetle reproduction in Þre-damaged
trees bymeasuring the length of beetle egg galleries in
2001 and by attaching emergence traps to treatment
trees during the summer after burning to collect off-
spring of beetles that had attacked the treatment trees
in 2001.Wemeasured the length of Þve galleries from
each successfully attacked tree at each plot after the
end of the mountain pine beetle ßight period. Emer-
gence traps were attached to four randomly chosen
trees of each burn treatment at a height of 1.5m in the
Þve Banff National Park plots, producing 16 traps/plot
and 20 traps/burn treatment. The traps collected
emerging beetles from a 520-cm2 circular area by fun-
neling them into a collection vial, where they were
killed promptly using a small piece of the solid insec-
ticide Vapona. Emergence traps were checked
weekly. Collected offspring were counted and re-
turned to the laboratory, where they were measured,
their sex was determined, and their fat content was
calculated as outlined above.

Analysis.Data were tested for conforming to a nor-
mal distribution using a Shapiro-Wilk W test; non-
normal data were transformed as necessary. Statistical
analysis was performed using JMP 4.1 software (SAS
Institute 2001). All means are reported � SE. Except
where noted, we analyzed beetle attack characteris-
tics using general linear models (SAS Institute 2001)
that included burn treatment, beetle population den-
sity (PC1), the interaction between burn treatment
and beetle population density, DBH, phloem thick-
ness, beetle attack density, and whether or not the
plots were from Banff or Kootenay National Park as
independent variables. We used logistic regression to
analyze whether or not the degree of burning inßu-
enced the probability that a tree was attacked by at
least one mountain pine beetle. The same indepen-
dent variables used to analyze beetle attack charac-
teristics were included in the logistic regression.
Weanalyzed the size andconditionof femalebeetle

attacking burn treatment trees using a general linear
model that included beetle attack density as an inde-
pendent variable in addition to the above-mentioned
independent variables. Our analysis of beetle attack

success included the same independent variables as
our analysis of beetle attack characteristics as well as
Julian date, beetle attack density (attacks/m2), and
the interactions between burn treatment and attack
density. Residuals were examined after Þtting models
toconÞrmparametric assumptions.We tested terms in
all models for multicollinearity by examining the vari-
ance inßation factors, which were always satisfactory
(all �3).
We analyzed beetlesÕ propensity to attack charred

sections of bark using an analysis of covariance (AN-
COVA) that included burn treatment (full burn or no
burn), height of attack on the tree (in the charred
section of the bole or above the charred area as seen
in burned trees), the interaction between burn treat-
ment and height, and tree DBH as covariates.
We tested for differences in mountain pine beetle

reproductive success using general linear models that
included burn treatment, population density, beetle
attack density (attacks/m2), phloem thickness, and
DBH as independent variables. We also included du-
ration of egg gallery construction as an independent
variable in our analysis of egg gallery length. The
duration of gallery construction was calculated on a
per tree basis, as the number of days when beetle
attacks were Þrst observed on a tree, and when the
galleries were excavated to record length. Only suc-
cessful galleries were included in the analysis.
Because we did not know how trees and beetles

would respond to our incremental burn treatments,
we initially analyzed burn treatment as a nominal
variable. The response of trees to stress is often non-
linear and not monotonic (Ball and McLeod 1997).
Mechanical stress can engage a treeÕs inducible de-
fense system (Berryman et al. 1989, Lieutier et al.
1995), and tree defensesmay increasewith stress until
the tree succumbs to the damage (Berryman et al.
1989, Pedersen 1998). Once a tree is overwhelmed,
tree defenses can decrease rapidly. Consistent with
this viewofhowtrees respond to stress, ourdependent
variables did not show an ordered, linear response to
increasing burn treatments. We therefore maintained
burn treatment as a nominal variable throughout our
analysis.

Results

Tree Characteristics. Phloem thickness of individ-
ual trees was correlated with DBH (r2 � 0.21; F �
82.37; df� 1,298;P � 0.001).NeitherDBHnor phloem
thickness varied with burn treatment (DBH: F � 0.52;
df � 3,12; P � 0.66; phloem: F � 0.222; df � 3,12; P �
0.88), but both differed among plots (DBH: F � 6.62;
df � 9,12; P � 0.0001; Phloem: F � 4.31; df � 9,12; P �
0.001).
The effects of burn treatment, DBH, and plot iden-

tity on phloem nitrogen were examined. The model
accounted for 60% of the variance in nitrogen content
(wholemodel:F�2.72; df�14,25;P�0.014).Neither
burn treatment (Fig. 1; F � 0.69; df � 3,25; P � 0.56),
DBH (F � 1.50; df � 1,25; P � 0.23), nor phloem
thickness (F � 0.27; df � 1,25; P � 0.61) had an effect
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on total Kjeldahl nitrogen. Nitrogen did vary among
plots (F � 3.51; df � 9,25; P � 0.007), with trees in
Kootenay plots having higher nitrogen levels com-
pared with Banff plots (%NH3 mean � SE: Kootenay,
0.349 � 0.017; Banff, 0.246 � 0.017).

Beetle Population Density. We estimated beetle
population density bymeasuring beetle and tree char-
acteristics related to beetle population density and
condensing these variables using a principal compo-
nents analysis. The Þrst and second principal compo-
nents accounted for 46 and 30% of the variation be-
tween the plot respectively. PC1 had large positive
eigenvector loadings for the total number of new at-
tacks, total number of attacks the previous year, and
the attack density of new attacks, and had large neg-
ative eigenvector loadings for the number of new
attacks thatwereunsuccessful and thenumberof trees
in the plots (Table 1). PC2 had large positive eigen-
vector loadings for the number of beetle attacks that
had occurred 3 yr previously and for the number of
new attacks that were unsuccessful. Because of this
separation, PC1 was interpreted as representing the
current level of beetle activity at each site, and the
eigenvector loadings for PC1were used to classify the
plots according to beetle population density and ac-
tivity. Throughout the remainder of our analysis, we

have incorporated the functional mountain pine bee-
tle population density into our statistical models by
using the PC1 loadings as an independent variable,
which will subsequently be referred to as “population
density” effects (Table 1).

Mountain Pine Beetle Attack Characteristics. Burn
treatment did not signiÞcantly affect any of the beetle
attack characteristics that we measured (Table 2; Fig.
2), and therewereno interactionsbetweenburn treat-
ments and population density (Table 2).
In high-density populations, a greater number of

beetles landed on trees, trees were more likely to be
attacked, and treeswere attacked earlier in the season
(Table 2). Population density did not affect beetlesÕ
rate of attack or the Þnal density of beetles attacks
(Table 2).
In our analysis of the number of beetles landing on

a tree and of beetle attack success, beetle attack den-
sity (attacks/m2) was included as an independent
variable. The number of beetles landing on a tree
increased as attack density increased (Table 2). For
attack success, there was a signiÞcant interaction be-
tweenburn treatment andattackdensity (Table 2;Fig.
3). On trees that had high and medium-high attack
densities, therewashighattack success across all of the
burn treatments. Conversely, when attack densities
were low, trees that were fully burnt weremore likely
to be successfully attacked, whereas trees that had
two-thirds of their bole burnt were least likely to be
successfully attacked (Fig. 3). Attack success was also
better on trees that were attacked later during the
beetlesÕ ßight period (Table 2).
Large trees were attacked earlier on in the season,

were more likely to be attacked, and had higher rates
of attack (Table 2). Trees with thick phloem were
more likely to be attacked, but phloem thickness did
not affect any other attack characteristics (Table 2).
The date of Þrst attack and attack rate differed

between areas, with trees in Banff being attacked
earlier and experiencing a faster rate of attack (Table
2). The other attack characteristics did not differ be-
tween the two study areas.
Beetles avoided settlingoncharredareas.Therewas

a signiÞcant interaction between burn treatment and
height (F � 6.93; df � 1,82; P � 0.010); attack density

Fig. 1. Percent total Kjeldahl nitrogen (least square
means � SE) in phloem tissue for each burn treatment.

Table 1. Beetle population density values derived using principal component analysis

Population
density

PC1 Park
Total no.

new attacks
Total no.

yellow attacks
Mean new
attacks/m2

Total no.
unsuccessful attacks

High 3.962 Banff 2,827 2,119 59.64 0
High 1.595 Banff 1,468 1,372 43.94 45
Medium high 1.481 Banff 2,606 0 51.30 88.5
Medium high 0.884 Banff 2,661 307 51.98 276
Medium high 0.374 Kootenay 1,948 237 56.05 473
Medium low �0.670 Banff 1,115 182 59.40 302
Medium low �1.560 Kootenay 1,147 0 66.88 62
Medium low �1.626 Kootenay 575 251 31.27 338
Low �1.761 Kootenay 392 239 34.35 361
Low �2.678 Kootenay 284 178 15.02 436

Large positive PC1 values correspond to high beetle population densities. PC1 had large positive loadings for total number of new attacks
(current year), total number of yellow attacks (previous year), and density of new attacks. PC1 had large negative loadings for the total number
of beetle attacks that were not successful. Beetle attack values are means from three 10-m-radius plots.
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was loweroncharredareas(atheightofburn: charred:
45.8 � 15.1 attacks/m2; unburned: 111 � 11.7 attacks/
m2), but there was no difference in attack densities
between uncharred areas (at 50 cm: burned trees:
91.1� 10.9 attacks/m2, unburned: 92.6� 11.7 attacks/
m2).

Size andCondition of AttackingBeetles.The size of
female beetles did not vary with burn treatment or
with population density, and there was no interaction
between burn treatment and population density (Ta-
ble 3). Neither phloem thickness nor DBH affected
the size of beetles attacking individual trees, and there
was no difference between the two study areas. Bee-
tles attacking later during the ßight periodwere larger
than beetles at the beginning of the season, and the
size of beetles attacking an individual tree also de-
creased as the density of mountain pine beetle attacks
on the tree increased (Table 3).
The effect of burn treatment on the energetic con-

dition of females attacking trees depended on beetle
population density (Table 3). At plots that had high
beetle population densities, therewas nodifference in
the condition of beetles attacking different burn treat-
ment trees, and beetles were generally in good con-
dition (positivemean residual condition; Fig. 4). Con-
versely, in plots that had lower beetle population
densities, the conditionof beetles attacking two-thirds
and full burn treatment trees tended to be lower, and
the general condition of attacking beetles was worse
than at high population densities (Fig. 4). Using mass
of fat as themeasure of female conditionproduced the
same results and speciÞcally the same interaction be-
tween burn treatment and population density. The
condition of beetles attacking trees also decreased
during the beetlesÕ ßight period, but none of the other
independent variables was signiÞcant (Table 3).

Beetle Reproductive Success. Burn treatment sig-
niÞcantly affected gallery length, with galleries being
longer in the full burn treatment(Table4,Fig. 5A)and
galleries being the shortest in the two-thirds burn
treatments. Gallery length did not differ with popu-
lation density andwas not affected byDBHor phloem

thickness (Table 4). Gallery length increased with
duration of gallery construction, and longer galleries
were produced in trees that had higher attack densi-
ties (Table 4).
We calculated offspring production per female by

dividing the density of emerging offspring by the den-
sity of attacking female beetles. The number of off-
spring produced was not affected by burn treatment
(Fig. 5B), phloem thickness, DBH, or beetle attack
density (Table 4). Fewer offspring were produced at
plots that had higher population densities (Table 4).
The size of female offspring (measured as volume)

was independent of burn treatment, phloem thick-
ness, DBH, and attack density (Table 4). Female bee-
tles emerging from sites that had high beetle popula-
tion densities were smaller than beetles from low-
density populations (Table 4). The results for male
offspring (data not shown)were the same, except that
male beetle volume was not affected by beetle pop-
ulation density.
To measure offspring condition, we again used a

body condition residual index.We regressed the mass
of fat of offspring against their volume for each sex
separately and used the resulting residuals as themea-
sure of condition. Here we report only the data for
females (regression r2 � 0.378, N � 172); the analyses
for male offspring gave the same results. Female off-
spring condition was not affected by burn treatment
(Fig. 5C), phloem thickness, or attack density (Table
4). Offspring condition was positively correlated with
DBH, and offspring from high-density populations
emerged in relatively poorer condition (Table 4).

Discussion

Response of Beetles to Fire-Damaged Trees. We
foundno substantial evidence thatmountainpinebee-
tles were attracted to, or preferentially attacked, Þre-
damaged lodgepole pine trees. Our Þnding that the
mountain pine beetle did not preferentially attack
trees that have been damaged by Þre concurs with
Amman and Ryan (1991) and McHugh et al. (2003),

Table 2. Results of general linear models and a logistic regression used to analyze mountain pine beetle attack characteristics on
treatment trees

Attack Characteristics

Beetle landing
(r2 � 0.63;
N � 111)

Probability
of attack
(N � 300)

Date of
Þrst attack
(r2 � 0.53;
N � 156)

Attack rate
(r2 � 0.39;
N � 156)

Attack density
(r2 � 0.38;
N � 156)

Attack success
(r2 � 0.63;
N � 67)

Burn treatment (B) 0.26 0.73 0.1 0.12 0.27 0.11
Population density (P) 0.001 0.003 0.001 0.9 0.16 0.97
B � P 0.31 0.5 0.3 0.72 0.64 0.25
DBH 0.17 0.001 0.002 0.001 0.001 0.69
Phloem thickness 0.15 0.02 0.06 0.7 0.77 0.48
Park (Banff or Kootenay) 0.27 0.43 0.0001 0.002 0.8 0.86
Beetle attack density 0.001 0.0001
Beetle attack density � B 0.02
Julian 0.001

Logistic regression was used to analyze the probability of trees being attacked by at least one beetle. Whole model r2, N, and P values for
each independent variable included in the general linear models are presented. SigniÞcant independent variables are in bold and underlined.
Missing P values indicate variables that were not included in a particular model.
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who reported that mountain pine beetle attacks were
not increased around prescribed burns. At low pop-
ulation densities, we found the condition of beetles
attacking trees differed between burn treatments.
Beetles in the poorest condition attacked trees with
two-thirds of their bole burnt suggesting these were
the less preferred trees (Fig. 4). However, there was
no difference in the condition of beetles attacking
zero-thirds, one-third, or three-thirds burn trees, in-
dicating that this was not a general aversion for at-
tacking trees with Þre damage.
While beetles did not preferentially attack Þre-

damaged trees, the ability of beetles to successfully
attack a tree was dependent on the degree of Þre
damage and attack density. When attack densities
were low, beetles had the greatest attack success on
trees that had been fully burnt (Fig. 3). However, at
lowattackdensities, attack successwas lowest on trees
that had two-thirds of their bole burnt, suggesting that
the relationship between attack success and degree of
Þre damage is not monotonic. At higher attack den-

Fig. 2. Beetle attack characteristics (least square
means� SE)onburn treatment trees: (A)number of beetles
captured in barrier traps, (B) date of Þrst attack, (C) pro-
portion of trees that were attacked by mountain pine beetle,
(D)maximumbeetle attack rate, and(E)Þnalmountainpine
beetle attack density.

Fig. 3. Proportion of mountain pine beetle attacks that
were successful (means�SE)onburn treatment trees across
a range of beetle attack densities. For presentation purposes,
we grouped attack density into four categories (low, �40;
medium-low, 40Ð80; medium-high, 80Ð120; high, �120 at-
tacks/m2).

Table 3. Results from general linear models used to analyze the
characteristics of female beetles attacking treatment trees

Female characteristics

Female size
(r2 � 0.085;
N � 338)

Female condition
(r2 � 0.23;
N � 337)

Burn treatment (B) 0.92 0.08
Population density (P) 0.58 0.03
B � P 0.12 0.04
DBH 0.97 0.48
Phloem thickness 0.32 0.84
Beetle attack density 0.02 0.84
Julian 0.01 0.001
Park (Banff or Kootenay) 0.38 0.38

Whole model r2, N, and P values calculated for each independent
variable are presented. SigniÞcant independent variables are in bold
and underlined.
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sities, we found attack success to be independent of
burn treatment.
Our results that burn treatments did not affect off-

spring number or quality correspondswith our Þnding
that total Kjeldahl nitrogen content was not affected
by burn treatments. In contrast, Jakubas et al. (1994)
found that the amount of total nitrogen was increased
in burn sections of lodgepole pine. This discrepancy
may reßect differences inwhere phloemwas sampled.
Jakubas et al. (1994)measured phloem characteristics
from bark that had been directly burnt, whereas we
measured phloem characters from samples taken
above the bole area that was burnt on the section of
trees where beetle attacks occurred. Our Þnding that
attack success was dependent on burn intensity, but
that reproductive success was not changed, suggests
thatÞrealters a treeÕsdefensivecapabilitybutdoesnot
alter the phloemÕs nutritive state.
Our results suggest that Þre does not produce a

monotonic change in a treeÕs physiological state and
beetlesÕ response to Þre-damaged trees may corre-
spondingly also not be monotonic. Trees that had
two-thirds of their bole burnt were less likely to be
successfully attacked, were attacked by beetles in
poorer condition, and contained shorter egg galleries.
Aggregation pheromones are produced by beetles at-
tacking a tree until the treeÕs defenses are depleted
(Raffa and Berryman 1983), and therefore, higher

attack densities suggest increased defensive compo-
nents in two-thirds burn trees. Lodgepole pine trees
use both constitutive and induced resistance mecha-
nisms to defend against bark beetles and other patho-
gens(Berryman1972,Berrymanet al. 1989). Inducible
defenses are mobilized by trees in response to attacks
by bark beetles but can also be triggered by other
damage(Wrightet al. 1979,Raffa andBerryman1987).
In a study on red pine (Pinus resinosaAiton), a species
adapted to both Þre and bark beetle attack, Santoro et
al. (2000) found trees damaged by Þre have increased
resin ßow. Conversely, Jakubas et al. (1994) found
lower levels of tree defenses, speciÞcally monoter-
penes, which are the principal defensive compounds,
in sections of lodgepole pine bark that had been di-
rectly burnt. However, because Jakubas et al. (1994)
only examined concentrations in bark that had been
directly burnt, it is not clear how chemical constitu-
ents in tree sections that are not burnt respond and
how this response is related to the degree of Þre
damage. A possible explanation for our Þnding that
beetles had the lowest attack success on two-thirds
burnt trees and highest attack success on full burn
trees is that intermediate Þre damage induces in-
creased tree defenses, but tree defenses can be over-
whelmed with increased damage. This view of tree
defenses is analogous to the interaction between at-
tacking mountain pine beetle and tree defenses. Low
beetle attack densities initiate the treeÕs inducible
defensive system (Raffa and Berryman 1982, 1983,
Berryman et al. 1989), and beetles experience height-
ened defenses, which if not overcome, will defeat the
beetle attack. Alternatively, if attacking beetles are
sufÞciently synchronous and numerous, the treeÕs de-
fensive system isoverwhelmedandbeetles experience
little resistance.
Our experimental burns allowed us to focus on the

consequences of cambial damage caused by Þre at the
level of individual trees but may not have captured
other effects of Þre on the selection of host trees by
beetles.Forexample, thedegreeofbark scorchingalso
affected beetle attacks because beetles avoided at-
tacking sections of bole that were charred by Þre. The
burn treatments that we conducted did not char a
large section of the tree bole and therefore did not
substantially alter the amount of bole available for
mountain pine beetle colonization. However, if nat-
ural Þres result in a larger portion of the bole being

Fig. 4. Energetic condition (least squaremeans� SE) of
female beetles that attacked burn treatment trees across a
range of population densities. Female condition was repre-
sented using a residual body condition index. For population
density categories, see Fig. 3.

Table 4. Results from general linear models used to analyze beetle reproductive success in treatment trees

Reproductive characteristics

Gallery length
(r2 � 0.44; N � 338)

Number of offspring
(r2 � 0.21; N � 61)

Offspring size
(r2 � 0.07; N � 223)

Offspring condition
(r2 � 0.05; N � 173)

Burn treatment 0.01 0.37 0.38 0.91
Population density 0.73 0.02 0.04 0.03
DBH 0.17 0.37 0.09 0.04
Phloem thickness 0.13 0.88 0.9 0.45
Beetle attack density 0.001 0.08 0.68 0.61
Duration of gallery construction 0.02

Whole model r2, N, and P values calculated for each independent variable are presented. SigniÞcant independent variables are in bold and
underlined.
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charred, decreased beetle attack in these areas may
decrease the total number of beetle attacks that occur
onÞre-damaged trees; Safranyiket al. (2001)observed
this phenomenon on mountain pine beetleÐinfested
trees that were part of a prescribed burn.
The way in which low-intensity Þre affects both

trees and beetles may also depend on when the Þre
occurs. The date of a Þre may affect how a tree re-
sponds to the damage andwill determine the duration
between the Þre damage and when beetle attacks
begin. Our burn treatments were done during the
spring, corresponding to the time when prescribed
Þres are set in the study areas. While we examined
effects that occur within a year, there is the potential
that trees will exhibit the effects of Þre damage for
multiple years. This may be particularly important if
the stress of Þre damage is carried over several years
and increases the treeÕs propensity to be attacked by

other pathogens that may further predispose the trees
to attack by mountain pine beetle.

Fire and Beetle Population Density. We predicted
that, in low-density populations, beetleswould exhibit
a greater preference for Þre-damaged trees than in
high-density populations because the ability of moun-
tain pine beetles to overcome vigorous tree defenses
is limited when beetle densities are low (Raffa and
Berryman 1983). Beetles did not preferentially attack
Þre-damaged trees in either low or high-density pop-
ulations.Whenattackdensity in an individual treewas
low, however, beetle attack success was higher on full
burn treatment trees than on trees with less Þre dam-
age. When attack densities were high all trees were
successfully attacked, mitigating any differences in
tree defensive ability caused by Þre damage. There-
fore, while beetles did not exhibit a preference for
Þre-damaged trees, they did experience increased at-
tack success on fully burnt trees when beetle attack
densitieswere low.AlthoughwedidnotÞndapositive
correlation between attack density and beetle popu-
lation density, Amman (1984) reported that attack
densities are lower in low-density endemic popula-
tions compared with high-density epidemic popula-
tions. Therefore, increased attack success onÞre-dam-
aged trees may be more common in low-density,
endemic populations than in high-density beetle pop-
ulations.
Our experimental burn treatments were applied to

individual trees within relatively small plots. While
this design allowed us to accurately assess beetlesÕ
response to individual Þre-weakened trees, it does not
provide information on whether beetles are attracted
to long distance Þre cues. Stock and Gorley (1989)
suggest that mountain pine beetle may be attracted to
Þre characteristics, such as smoke and heat, that may
be perceived by beetles over relatively long distances.
Presumably, if beetles respond to these cues, it is
because they indicate the presence of high-quality
host trees with weakened defenses or increased
phloem resources. Our Þndings that mountain pine
beetle did not preferentially attack Þre-damaged trees
and did not alter the density of their attacks in re-
sponse to Þre damage suggest that mountain pine
beetle donot perceivedifferences betweenÞre-weak-
ened trees within a stand, and therefore, this likely
does not explain the proposed attraction to burned
areas.
An alternative explanation for increased mountain

pine beetle activity around a Þre is that the beetles are
not directly attracted to Þre characteristics but have a
higher probability of initiating a successful attack. If
the number of successful attacks is greater, the total
amount of pheromone production in the standmay be
higher than in other stands. On the basis of our study,
this effect would primarily be observed in areas with
lower attack densities, where Þre damage increases
attack success. Mountain pine beetles and other ag-
gressive bark beetles use aggregation pheromones as
long distance cues to facilitate mass attack (Turchin
and Odendaal 1996, Logan et al. 1998). Therefore,
pheromone production associated with successful at-

Fig. 5. Beetle reproduction characteristics (least square
means � SE) on burn treatment trees: (A) length of egg
galleries, (B) number of offspring produced per female
[(emergence/m2)/(attacks/m2)], and (C) condition of fe-
male offspring.
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tacks, and not cues directly associated with the Þre,
may increase beetle attacks in these areas.
We found that Þre-damaged trees were not prefer-

entially attacked, and beetle reproductive successwas
not affectedbyÞredamage. These results suggest that,
even though there was a functional increase in attack
success on Þre-damaged trees when attack densities
were low, mountain pine beetles did not modify their
attack and colonization behavior. While Þre is a rel-
atively common feature of the forests inhabited by
mountain pine beetle (McCullough et al. 1998 and
references therein), the frequency and number of
mountain pine beetles interacting with Þre-damaged
trees may be low. Therefore, beneÞcial associations
betweenmountain pine beetle andÞre-damaged trees
may be sufÞciently rare that selection for beetles to
preferentially attack Þre-damaged trees is weak. Our
results indicate that the presence of Þre-damaged
trees will only affect beetle attack success, and there-
fore, population growth in areas where beetle attack
densities are low. Under other conditions, the pres-
ence of Þre-damaged trees will have negligible or no
effect on mountain pine beetle attacks and reproduc-
tive success.
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