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ABSTRACT The efficacy of verbenone as a stand-level protectant against mountain pine beetle,
Dendroctonus ponderosae Hopkins, attacks was tested in lodgepole and whitebark pine stands at five
geographically separated sites, including three consecutive years at one site. Forty and 20 high-dose
pouches, with a verbenone emission rate up to 50 mg/d per pouch, were spaced in a grid pattern
throughout 0.40-ha plots, replicated up to six times at each site. Although the verbenone treatment
did not prevent beetles from dispersing through treated stands, attacking large-diameter trees most
frequently, the overall number of trees attacked was, on average, reduced significantly compared with
nontreated stands. In a few blocks each year, verbenone-treated plots had more attacked trees than
controls. These blocks tended to have a large emerging beetle population, exceeding 140 previously
attacked trees within the hectare including and surrounding the treated area. Additional research is
needed on the behavioral role of verbenone in mountain pine beetle population dynamics and
quantification of the infestation level above which treatment efficacy tends to be reduced.
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BARK BEETLES IN THE GENUS Dendroctonus (Coleoptera:
Curculionidae: Scolytinae) use kairomones and pher-
omones in the process of host selection and coloni-
zation (Wood 1973, Raffa 2001). For those species that
attack living trees, it is particularly important to co-
operate with conspecifics to overcome the resinous
defensive mechanisms of host trees. A mass attack of
individuals on a single tree over a short time (e.g., 3 to
4 d) is accomplished using species-specific phero-
mones that are biosynthesized either from de novo
pathways or host tree precursors (Seybold et al. 2000).
For example, after host selection and during the pro-
cess of boring through the tree bark into the phloem,
female mountain pine beetles, Dendroctonus pondero-
sae Hopkins, convert the host tree monoterpene
a-pinene into trans-verbenol, a pheromone that at-
tracts both sexes (Hughes 1973). exo-Brevicomin is
produced de nova (Seybold and Tittiger 2003) by
responding males and at low concentrations primarily
attracts females (Conn et al. 1983), although it may
inhibit beetles at higher concentrations (Rudinsky et
al. 1974, Borden et al. 1987). This complex system of
chemical communication concentrates an aggregation
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of individuals on a single focus tree, which is selec-
tively advantageous for species such as the mountain
pine beetle in overcoming tree host defensive mech-
anisms. As with most herbivores, however, there is an
optimal density range of individuals on an exhaustible
food resource (Pianka 1981).

One mechanism hypothesized to play a role in the
termination of bark beetle attacks on a single tree is
inhibitory pheromones and kairomones (Renwick and
Vité 1970, Geiszler et al. 1980, Borden 1982, Berryman
etal. 1985). Verbenone, 4,6,6-trimethylbicyclo[3.1.1]-
hept-3-en-2-one, was first found associated with male
Dendroctonus frontalis Zimmermann and Dendrocto-
nus brevicomis LeConte (Renwick 1967) and subse-
quently has been found in association with several
additional species of bark beetles (Pitman et al. 1969,
Renwick and Vité 1970, Hughes et al. 1976). Ver-
benone is thought to have a general inhibitory effect
(Borden et al. 2003), especially with phloeophagous
insects using fresh phloem (Lindgren and Miller
2002). It is produced through a variety of pathways,
including autoxidation of the oxygenated monoter-
pene a-pinene (found in pine phloem) in the absence
of bark beetles (Hunt et al. 1989, Flechtmann et al.
1999), by bark beetles themselves (Rudinsky et al.
1974), and principally by metabolic conversion of
trans-verbenol by yeasts and gut microorganisms as-
sociated with adult bark beetles (Leufvén et al. 1984,
Hunt and Borden 1989). Although verbenone has
been found to be associated with adult mountain pine
beetle (Pureswaran et al. 2000), often only as a trace
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(Pitman et al. 1969), evidence suggests that microor-
ganisms associated with beetles, including yeasts, are
required for the production (Hunt and Borden 1989).
The exact role of verbenone in bark beetle population
dynamics is unclear, although behavioral inhibition is
thought to have evolved as a response to host tissue
degradation (Lindgren and Miller 2002) and intraspe-
cific competition (Borden et al. 1987), perhaps when
sensed as a threshold ratio of verbenone to attractive
compounds (Raffa and Berryman 1983, Pureswaran
et al. 2000, Pureswaran and Borden 2003).

When added to attractant-baited traps, verbenone
reduced the catch of mountain pine beetles compared
with traps with the attractants alone (Ryker and Yan-
dell 1983, Borden et al. 1987, Schmitz and McGregor
1990, Miller et al. 1995, Lindgren and Miller 2002). In
addition, verbenone reduced the mean attack density
on trees baited with attractants (Borden and Lindgren
1988) and reduced the number of infested trees when
applied in a grid manner throughout a stand (Amman
et al. 1989, Lindgren et al. 1989). However, results
from further stand level tests were inconsistent among
years, stands, and host tree species (Bentz et al. 1989,
Amman et al. 1991, Gibson et al. 1991, Shea et al. 1991,
Shore et al. 1991, Amman and Lindgren 1995). More
recently, Progar (2003) and Borden et al. (2003) ob-
served that verbenone releasing at a higher dose im-
proved stand level protection.

Throughout North America, bark beetle caused tree
mortality is occurring at levels not recorded previ-
ously (Samman and Logan 2000). Although the causes
are varied and complex, recent warming trends asso-
ciated with climate change are having a significant
influence on increased bark beetle activity (Logan
and Powell 2001, Berg 2003), and the development,
survival, and distribution of insect herbivores world-
wide (Hill et al. 1999, Bale et al. 2002, Watt and
McFarlane 2002). In recent years, the mountain pine
beetle has expanded its range into lodgepole pine,
Pinus contorta Dougl., forests in northern British Co-
lumbia that were previously thermally unsuitable for
sustaining populations (Carroll et al. 2004). Ecologi-
cally important, high elevation species such as white-
bark pine, Pinus albicaulis Engelm., in the western
United States also are experiencing increased levels of
mountain pine beetle activity (Keane and Arno 1993,
Logan and Powell 2001, Meyer 2005), similar to the
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major outbreaks that occurred in these ecosystems
during the warm periods of the 1930s and 1940s
(Perkins and Swetnam 1996). Our objective was to
test the efficacy and consistency of high doses of
verbenone for protecting stands of high-value lodge-
pole pine and whitebark pine from mountain pine
attack.

Materials and Methods

2001. Four study sites, two in whitebark pine and
two in lodgepole pine, were chosen in June 2001 in
areas of active mountain pine beetle populations in
Idaho and Montana (Table 1). A randomized block
design, replicated up to six times in each site, was used
to test for differences among treatments. Each block
consisted of two 63.6 by 63.6-m (0.40-ha) plots sepa-
rated by at least 60 m. All blocks within a site were
=100 m apart. An attempt was made to select blocks
that had similar mountain pine beetle infestation rates
in each plot. Also, to ensure mountain pine beetle
pressure, plots were selected so that a minimum of
three mountain pine beetle-infested trees were inside
the plot or within 15 m of its boundary (Table 2).

Control (untreated) and verbenone pouch treat-
ments were randomly assigned to each plot within a
block. Forty verbenone pouches [84% (—)-enantio-
mer, 98% purity, 5.0-g releasing 50 mg/d at 30°C]
(Phero Tech, Inc., Delta, British Columbia, Canada)
were placed within each plot in a grid manner, at-
taching one pouch to the north face of the nearest tree,
2 m from the ground. At Snowbank-WB-01, which has
a clumpy stem distribution of whitebark pine, ver-
benone pouches were placed on the north face of
1-m-tall stakes in areas with no trees to maintain a grid
pattern. To ensure adequate beetle pressure, in all
sites except Sawtooth-LP-01, a multiple-funnel trap
(Lindgren 1983) baited with trans-verbenol and exo-
brevicomin (Phero Tech, Inc.) was placed at the cen-
ter of each plot. Verbenone and baited traps were
placed in lodgepole pine plots during the week of
25 June and in the whitebark pine plots during the
week of 31 May.

After beetle flight, all trees =12-cm-diameter at
breast height (dbh) (1.3 m) within each plot were
tallied. We recorded dbh, tree species, and mountain
pine beetle attack status of each tree: 1) live tree,

Table 1. Study site information for verbenone treatment trials in 2001, 2002, and 2003
Site name Host tree species Yr District, Forest Elevation(m)  Latitude
Pyramid-WB-01 Whitebark pine 2001 Bonners Ferry Ranger District, Idaho Panhandle 1,768 48° 44
National Forest
Snowbank-WB-01 Whitebark pine 2001 Cascade Ranger District, Boise National Forest, ID 2,522 44° 30"
Lolo-LP-01 Lodgepole pine 2001 Superior Ranger District, Lolo National Forest, MT 1,585 46°27'
Sawtooth-LP-01 Lodgepole pine 2001 Sawtooth National Recreation Area, Sawtooth 1,920 44° 10’
National Forest, ID
Sawtooth-LP-02 Lodgepole pine 2002 Sawtooth National Recreation Area, Sawtooth 1,920 44° 10’
National Forest, ID
Deerlodge-LP-02 Lodgepole pine 2002 Deerlodge National Forest, MT 1,878 45° 60’
Sawtooth-LP-03 Lodgepole pine 2003 Sawtooth National Recreation Area, Sawtooth 1,920 44° 10’

National Forest, ID
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Table 2. Stand conditions and mountain pine beetle attack levels in three treatment years averaged over replicated 0.40-ha plots within

each treatment

Mean no. trees attacked in

Site-host- Live trees, all species, Live host trees, Mean no. trees treatment yr
treatment yr =12.0-cm dbh =12.0-cm dbh attacked in previous yr
Mass Strip

Sawtooth-LP-01

Control 338 * 36 335 = 37 16.8 = 3.8 54+ 20 17+9

Verbenone-40 349 = 29 345 *= 28 30 =164 10+ 4 4=*3
Lolo-LP-01

Control 217 + 28 198 = 30 6.5+ 27 41 £3 4+2

Verbenone-40 224 *+ 25 200 * 32 9.8 =39 3x1 2+1
Pyramid-WB-01

Control 174 + 13 10+1 53+24 62 0

Verbenone-40 183 =17 152 40=*=1.6 3x1 0
Snowbank-WB-01

Control 114 =17 79 = 26 0.5*+0.5 12 =11 11

Verbenone-40 103 = 10 69 = 14 0.75 0.5 0.75 £ 0.5 025+ 0.5
Sawtooth-LP-02

Control 257 = 25.1 247 £ 25.1 183 £ 6.8 29 +10.7 33 +102

Verbenone-40 267 £ 284 258 = 27.3 30 = 10.6 9+26 11 59
Deerlodge-LP-02

Control 282 +13.5 197 £ 22.4 1.5+1.2 26 7.0 6+1.8

Verbenone-40 272 *+ 32.5 248 + 38 25*0.5 10 = 3.8 2*05

Verbenone-20 323 + 26.2 312 £ 26.3 57+20 14*+6.1 3*+14
Sawtooth-LP-03

Control 260 = 30 242 + 33 443+ 134 45+ 176 28+ 6

Verbenone-40 260 = 30 247 = 31 19.7 £ 6.5 11 £5.1 12 = 3.0

Data are mean = SE. Six replicated blocks were used at all sites except Pyramid-WB-01 and Snowbank-WB-01 where four replicated blocks
were used. Mass attacks encompass an entire tree bole and strip attacks are only on a portion of a treebole.

2) 2001 attack, 3) 2000 attack, 4) 2001 strip attack,
5) 2000 strip attack, 6) pitch out, and 7) other mor-
tality. Additionally, 2000 and 2001 mass attacked host
trees in a 20-m buffer strip around each plot were
tallied.

2002. Two lodgepole pine sites near active mountain
pine beetle populations in Idaho (Sawtooth-LP-02)
and Montana (Deerlodge-LP-02) were chosen to eval-
uate the verbenone pouches in 2002 (Table 1). Al-
though blocks were in the same general areas, treat-
ments for Sawtooth-LP-02 were not replicated in the
same blocks as used for Sawtooth-LP-01. A random-
ized block design, replicated six times in each site, was
used to test untreated control plots against plots with
20 or 40 verbenone pouches per 0.40 ha at Deerlodge-
LP-02, and 40 pouches per 0.40 ha at Sawtooth-LP-02.
Twenty and 40 verbenone pouches per 0.40 ha cor-
respond to 50 and 100 pouches per ha. Hereafter the
two treatments are referred to as V20 and V40. All
other aspects of the experimental setup were identical
to those in 2001. At the Deerlodge-LP-02 site, but not
the Sawtooth-LP-02 site, an attractant baited multiple-
funnel trap was placed at the center of each plot.
Verbenone pouches were installed on 1 July at Saw-
tooth-LP-02 and 25 June at Deerlodge-LP-02. After
beetle flight, all trees =12-cm dbh within each 0.40-ha
plot were tallied as in 2001.

2003. Verbenone was tested at one lodgepole pine
site in 2003 (Sawtooth-LP-03), the same general area
used in 2001 (Sawtooth-LP-01) and 2002 (Sawtooth-
LP-03) (Table 1). Because we were interested in test-
ing the potential for long-term protection of a single
stand across multiple years, two of the same blocks

used in 2002 were used again in 2003. All aspects of the
experimental setup were the same as in 2002 except
the verbenone pouch contained 0.35 g less verbenone
and released 40 mg on day 25 at 20°C (Phero Tech,
Inc.). Verbenone pouches were installed on 23 June.
Evaluation after beetle flight was the same as in 2001
and 2002, including a count of previous-year and cur-
rent-year attacked trees in a 20-m buffer strip around
each plot.

Data Analysis. For each year, all trees were coded
as 0 (live) or 1 (attacked), resulting in a binomial
response variable. To analyze the effect of verbenone
on attack success, trees coded as 1 were either mass-
attacked or strip-attacked, depending on the objective
of the particular analysis. GLIMMIX, a SAS procedure
for fitting generalized linear mixed models (Littell et
al. 1996), was used to accommodate the random ef-
fects of site within species (whitebark or lodgepole
pine) in the 2001 data, and blocks within site in the
analyses for all 3 yr. Species, dbh, and treatment were
tested as fixed effects and the error distribution was
specified as binomial. Tukey’s honestly significant dif-
ference multiple comparison procedure was per-
formed to test for differences among treatment and
dbh means. Because a different number of treatments
were tested at the Deerlodge and SNRA sites in 2002,
each site was analyzed separately. Because only at-
tacked trees were counted in the 20 m buffer (0.67 ha)
surrounding each plot, Poisson regression using a split-
plot design within GLIMMIX was used to test for
differences in attacked tree counts per ha in the 20-m
buffer and within the 0.40-ha treated and control plots
in 2001 and 2003.
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Fig.1. Percentage of available trees mass attacked by the
mountain pine beetle, averaged by site, in control, V40 (40
verbenone pouches per 0.40 ha), and V20 (20 pouches per
0.40 ha)-treated plots in 2001, 2002, and 2003. Shown are the
median (dotted line), mean (solid line), and 5/95% confi-
dence intervals (bars) for each site. See Table 1 for site
information.

Results

2001. After the random effects of site and block
were removed, both treatment (F = 30.5; df = 1, 19;
P <0.001) and dbh (F = 291.6;df = 1, 7063; P < 0.001)
had a highly significant effect on the number of at-
tacked trees in 2001. Significantly fewer available host
trees were attacked in the V40 plots than control plots
at all sites (Fig. 1). The interaction of species and dbh
was also highly significant (F = 99.2; df = 1, 7063; P <
0.001), reflecting the larger size of whitebark com-
pared with lodgepole pine (F = 15.8;df = 1, 7047; P <
0.001), and mass attacked whitebark compared with
mass attacked lodgepole pine (F = 578;df = 1,892; P <
0.001) (Table 3). Despite intersite differences in stand
density and emerging mountain pine beetle popula-
tion size (Table 2), species, the species X treatment
interaction, and stand density were not significant in
explaining the number of currently attacked trees. In
V40 plots at all sites, the mean number of currently
attacked trees was less than in the previous year,
whereas in all control plots, except Pyramid-WB-01,
the reverse trend occurred (Fig. 2).

At all sites, there were no significant differences
between the treatments in the number of strip-at-
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Table 3. Mean dbh (centimeters) of trees mass attacked, strip
attacked (including pitch-out trees), and remaining live trees
(=12.0 em) by host type (WB, whitebark pine; LP, lodgepole pine)
after treatment in 2001, 2002, and 2003

2001:11)

Attack 2002 2003
type WB LP Lp Lp
Live 35.02 + 0.56a 20.88 = 0.08d 20.62 * 0.07a 1824 = 0.11a
Mass 4506 + 1.26b 2654 + 0.21e 28.71 + 0.29b 24.33 + 0.33b

Strip/pitch- 27.74 + 3.62c 22.87 = 0.32c
out

244+ 0.28¢ 21.98 = 0.33¢

Data are mean = SE. No significant differences in dbh were found
between verbenone-treated and control plots.

“Means within a column followed by the same letter are not
significantly different (P < 0.05).

" In 2001, means within a row (between WB and LP) followed by
the same letter are not significantly different (P < 0.05).

tacked trees. At lodgepole pine sites, the number of
attacked trees in the buffer strip surrounding ver-
benone-treated plots was not significantly greater
than within the verbenone-treated plot, but it was
significantly lower than the number of attacked trees
within 0.40-ha control plots (¢t = 4.31, df = 4.98, P <
0.001) and in the buffer surrounding the control plots
(t=2.91,df = 4.99, P=0.028). At whitebark pine sites,
there was no difference in the number of attacked
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Fig.2. Difference in the number of current and previous
year mountain pine beetle-attacked trees within treatment
plots in 2001, 2002, and 2003. Shown are the median (dotted
line), mean (solid line), and 5/95% confidence intervals for
each site. See Table 1 for site information.
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trees among any of the buffers or between buffers and
the 0.40-ha verbenone-treated or control plots.

2002. Within a site, no differences were found in
2002 among control and treatment plots in the number
of live host trees (Table 2). At both sites, dbh was
highly significant in explaining the number of mass
attacked trees (Sawtooth-LP-02: F = 272; df = 1, 3006;
P < 0.001) (Deerlodge-LP-02: F = 415; df = 1, 4518;
P < 0.001). In both the treated and control plots, mass
and strip attacked trees were, on average, significantly
larger than unattacked trees (Table 3). There was a
significant reduction in the number of mass attacked
trees in the V40 treatment plots compared with con-
trol plots at Sawtooth-LP-02 (F = 13;df = 1,6, P =
0.011). Overall, treatment was also significant at the
Deerlodge-LP-02 site (F = 4.5; df = 2, 11; P = 0.037),
and least square means differences between control
and V40 plots were also significant (¢ = 0.02: df = 2,
11; P = 0.051), but the control and V20 plots were not
(t=2.5;df =2,11; P = 0.074). At Sawtooth-LP-02, but
not Deerlodge-LP-02, there were significantly more
strip-attacked trees in the control than V40 plots (F =
13.5; df = 1, 6; P = 0.010). Fewer available trees were
attacked in both the V40 and V20 plots than control
plots (Fig. 1). In the V40 plots at Sawtooth-LP-02, the
mean number of currently attacked trees was less than
the previous year, although this was not the case for
either of the verbenone-treated plots or the control
plots at the Deerlodge-LP-02 site (Fig. 2).

2003. No differences were found between control
and treatment blocks in the number of live lodgepole
pine trees before beetle flight in 2003 (Table 2). The
emerging beetle population was greater within the
2003 treatment plots than either 2001 or 2002
(Table 2). As in 2001 and 2002, dbh was significant in
explaining the number of mass attacked trees (F =
153.8: df = 1, 3411; P < 0.001) (Table 3). The number
of attacked trees was lower in the V40 plots than
control plots, and the difference approached signifi-
cance (F=6.0;df =1,5; P=0.057) (Fig.1). Reduction
in treatment effect was due to one block (Redfish) in
which 150 trees were mass or strip attacked in 2002
within the 0.40-ha plots (=~60% of available trees) and
an additional 67 trees were attacked within the 20-m
buffers surrounding them (217 total 2002 attacked
trees) (Fig. 3). In 2003, the number of trees mass
attacked in the V40-treated plot within the Redfish
block was significantly greater than in the control plot.
With the exception of Camp, where the 0.40-ha plots
contained 148 trees attacked in 2002, the other blocks
used in 2003 had significantly fewer 2002 infested trees
nearby and subsequently fewer 2003 mass attacked
trees in V40 than control plots (Fig. 3). Despite these
trends, the number of previous year attacked trees was
not significant in explaining treatment effects. The
mean number of 2003 attacked trees within the V40
plots was less than the number of trees attacked in
2002, but many control plots also had fewer currently
attacked trees than in the previous year (Fig. 2).

There was no difference between treatments in the
number of strip-attacked trees, nor between the num-
ber of attacked trees in the buffers and within the V40
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Fig.3. Percentage of available trees attacked in 2002 and

2003 in the control and V40 (40 verbenone pouches per
0.40 ha)-treated plots in six blocks at the Sawtooth-LP-03 site.

plots. However, the mean number of attacked trees
in the 20-m buffer surrounding V40 plots was signif-
icantly less than within the 0.40-ha control plots (¢ =
3.58,df = 5.7, P = 0.009) or the buffer surrounding the
control plots (¢ = 3.05, df = 5.51, P = 0.029).

Discussion

We found a dose of 40 verbenone pouches per
0.40 ha to significantly reduce the number of mountain
pine beetle attacked trees. Although a dose of 20
verbenone pouches per 0.40 ha also reduced the num-
ber of attacked trees at the Deerlodge-LP-02 site
where it was tested, the effect was not significant. The
efficacy of verbenone for protection of small stands of
lodgepole and whitebark pine was improved from
earlier studies (Bentz et al. 1989, Amman et al. 1991,
Gibson et al. 1991, Shore et al. 1991), at least in part by
increasing the total emission of the compound from
~5 mg/d from bubble capsules used previously to
~50 mg/d from the pouches. Our results from five
geographically separated sites, including three con-
secutive years at one site, support recent experiments
that also tested the high-release verbenone pouch
(Borden et al. 2003, Progar 2003).

Compared with control plots, the number of cur-
rently attacked trees within verbenone-treated plots
was, on average, lower than in the previous year.
This effect was most evident at the Sawtooth-LP-01,
Sawtooth-LP-02, and Sawtooth-LP-03 sites where no
baits were used in the plots (Fig. 2). All other sites
contained traps with attractant baits at the center of
each plot, which may have retained more emergent
beetles within the plot. When no bait was used, the
high release verbenone pouch seemed to disperse
beetles emerging from within the treated plots to
attack trees outside the treated area. The significantly
lower number of attacked trees in the buffer surround-
ing the verbenone treated plots at lodgepole pine sites
in 2001 and 2003 than in either the buffer surrounding
control plots or within them suggests that the effect of
the verbenone treatment extended at least partially
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into the 20-m buffer. The trend at the whitebark pine
sites was not as clear, possibly due to the low number
of attacked trees at these sites, the low number of
available live hosts at Pyramid-WB-01, and the open
nature of the stands.

In the Redfish test block in 2003, the verbenone
treatment was unsuccessful when ~60% of the avail-
able trees in the control and verbenone-treated
0.40-ha plots had been infested the previous year (150
trees), and the emerging beetle population in the
surrounding buffer was also large (an additional 67
infested trees) (Fig.3). The Camp plots also contained
a large number of 2002 infested trees (148 trees), and
the verbenone-treated plot in this block had the high-
est number of 2003 mass attacked trees (31 trees) of
all the verbenone-treated plots. However, apparently
because the percentage of remaining available host
trees was also high at Camp, especially in the control
plot, the verbenone treatment had a significant ef-
fect. The other four blocks had 4, 45, 58, and 84 trees
attacked within the 0.40-ha plots in 2002, and the V40
treatment in 2003 significantly reduced the number of
mass attacked trees compared with the controls. These
results, and those of Progar (2003), suggest a threshold
infestation level above which verbenone is ineffective.
Although more data are necessary to quantify a thresh-
old, our results suggest that the verbenone treatment
becomes ineffective when there are at least 140 at-
tacked trees the previous year within the hectare
including and surrounding the treated area.

In 2001, attacked whitebark pines were larger, on
average, than attacked lodgepole pines, most likely a
consequence of the larger mean dbh in whitebark pine
plots. At all sites each year, the mean dbh of attacked
trees was significantly larger than remaining live trees,
regardless of the treatment. Increased mountain pine
beetle activity on large-diameter lodgepole and white-
bark pine trees has been attributed to random landing
on large surfaces, a preference for large-diameter
trees (Hopping and Beall 1948, Cole and Amman 1969,
Preisler and Mitchell 1993, Kegley et al. 2004), and a
high rate of pheromone release (Borden et al. 1983,
Gray and Borden 1989). Although the immediate land-
scape contained an odor suggesting nonsuitable hosts,
the verbenone treatment did not deter beetles from
dispersing through the area, arresting, and initiating an
attack focus on larger diameter hosts.

Mechanisms underlying the termination of moun-
tain pine beetle attacks on a single tree, although
unclear, are most likely based on a response to a
threshold ratio of many compounds, including ver-
benone, emitting from a tree during the attack process
(Raffa and Berryman 1983, Pureswaran et al. 2000,
Pureswaran and Borden 2003). Although it is unclear
whether verbenone is a kairomone or pheromone in
the mountain pine beetle-host tree system (Lindgren
and Miller 2002), our results suggest that high doses
can be used to reduce the number of attacked trees in
small stands of lodgepole and whitebark pine when
beetle populations within and surrounding the stand
are below a threshold level. Quantification of this
threshold level is needed. Managers must understand,
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however, that when placed in a grid throughout a
stand, verbenone does not protect all trees within the
treated area, and large diameter trees are still attacked
most frequently. Also, semiochemical treatments such
a verbenone do not remove beetles from the system,
and therefore are ideally one component of an overall
management strategy that also includes removal of
dispersed beetles. Additional research on the behav-
ioral role of this compound in mountain pine beetle
population dynamics will greatly enhance its use in
protection of high-value pines in western forest eco-
systems.

Acknowledgments

We thank Gene Amman, Dayle Bennett, John Briem,
Valerie DeBlander, Matt Hansen, Gary Kempton, Phil Mo-
cettini, Steve Munson, Rob Progar, Lynn Rasmussen, John
Schwandt, Greta Schen, Nancy Sturdevant, Jim Vandygriff,
and Doug Wulff for technical assistance in the field. John
Borden, the subject editor, and an anonymous reviewer pro-
vided valuable comments on an earlier version of this manu-
script. The project was funded in part by the Forest Health
Technology Enterprise Team (Morgantown, WV) and the
USDA Forest Service, Special Technology Development Pro-
gram.

References Cited

Amman, G. D., R. W. Their, M. D. McGregor, and
R. F. Schmitz. 1989. Efficacy of verbenone in reducing
lodgepole pine infestation by mountain pine beetles in
Idaho. Can. J. For. Res. 19:60-64.

Amman, G. D., R. W. Their, J. C. Weatherby, L. A. Rasmus-
sen, and A. S. Munson. 1991. Optimum dosage of ver-
benone to reduce infestation of mountain pine beetle in
lodgepole pine stands of central Idaho. U.S. Dep. Agric.
For. Serv. Res. Pap. INT-446.

Amman, G. D., and B. S. Lindgren. 1995. Semiochemicals
for management of mountain pine beetle: status of re-
search and application, pp. 14-22. In S. M. Salom and
K. R. Hobson [eds.], Application of semiochemicals for
management of bark beetle infestations-Proceedings of
an informal conference, U.S. Dep. Agric. For. Serv. INT-
GTR-318.

Bale, J. S., G. J. Masters, I. D. Hodkinson, C. Awmack,
T. M. Bezemer, V. K. Brown, J. Butterfield, A. Buse,
J. C. Coulson, and J. Farrar. 2002. Herbivory in global
climate change research: direct effects of rising temper-
ature on insect herbivores. Glob. Change Biol. 8: 1-16.

Bentz, B. J., C. K. Lister, J. M. Schmid, S. A. Mata,
L. A. Rasmussen, and D. Haneman. 1989. Does ver-
benone reduce mountain pine beetle attacks in suscep-
tible stands of ponderosa pine. U.S. Dep. Agric. For. Serv.
Res. Note RM-495.

Berg, E. E. 2003. Fire and spruce bark beetle disturbance
regimes on the Kenai Peninsula, Alaska. In Proceedings,
2nd International Wildland Fire Ecology and Fire Man-
agement Congress, Orlando, FL.

Berryman, A. A., B. Denis, K. Raffa, and N. C. Stenseth. 1985.
Evolution of optimal group attack with particular refer-
ence to bark beetles (Coleoptera: Scolytidae). Ecology
66: 898-903.

Borden, J. H. 1982. Aggregation pheromones, pp. 74-139. In
J. B. Mitton and K.B. Sturgeon [eds.]|, Bark beetles in



1620

North American conifers. University of Texas Press,
Austin, TX.

Borden, J. H., and S. Lindgren. 1988. Role of semiochemi-
cals in IPM of the mountain pine beetle, pp. 247-255. In
T. L. Payne and H. Saarenmaa [eds.], Integrated control
of scolytid bark beetles. Virginia Polytechnic Institute
and State University, Blacksburg, VA.

Borden, J. H., J. E. Conn, L. M. Friskie, B. E. Scott, and
L. J. Chong. 1983. Semiochemicals for the mountain
pine beetle, Dendroctonus ponderosae (Coleoptera:
Scolytidae), in Br. Columbia: baited-tree studies. Can. J.
For. Res. 13: 325-333.

Borden, J. H., L. J. Chong, T. J. Earle, and D.P.W. Huber.
2003. Protection of lodgepole pine from attack by the
mountain pine beetle, Dendroctonus ponderosae (Co-
leoptera: Scolytidae) using high doses of verbenone in
combination with nonhost bark volatiles. For. Chron. 79:
685-691.

Borden, J. H., L. C. Ryker, L. J. Chong, H. D. Pierce,
B. D. Johnston, and A. C. Oehlschlager. 1987. Response
of the mountain pine beetle, Dendroctonus ponderosae
Hopkins (Coleooptera: Scolytidae), to five semiochemi-
cals in Br. Columbia lodgepole pine forests. Can. J. For.
Res. 17: 118-128.

Carroll, A., S. Taylor, J. Régniére. and L. Safranyik. 2004.
Effects of climate change on range expansion by the
mountain pine beetle in British Columbia, pp. 223-233. In
T. L. Shore, J. E. Brooks, and J. E. Stone [eds. |, Mountain
Pine Beetle Symposium: Challenges and Solutions, 30-31
October 2003, Kelowna, British Columbia, Information
Report BC-X-399.

Cole, W., and G. D. Amman. 1969. Mountain pine beetle
infestations in relation to lodgepole pine diameters.
U.S. Dep. Agric. For. Serv. Res. Note INT-95.

Conn J. E,, J. H. Borden, B. E. Scott, L. M. Friskei,
H. D. Pierce, and A. C. Ochlschlager. 1983. Semio-
chemicals for the mountain pine beetle, Dendroctonus
ponderosae in British Columbia: field trapping studies.
Can ]. For. Res. 13: 320-324.

Flechtmann, C.A.H., M. J. Dalusky, and C. W Berisford.
1999. Bark and ambrosia beetle (Coleoptera: Scolytidae)
responses to volatiles from aging loblolly pine billets.
Environ. Entomol. 28: 638-648.

Geiszler, D. R., V. F. Gallucci, and R. I. Gara. 1980. Mod-
eling the dynamics of mountain pine beetle aggregation
in a lodgepole pine stand. Oecologia (Berl.) 46: 244 -253.

Gibson, K. E., R. F. Schmitz, G. D. Amman, and R. D. Oakes.
1991. Mountain pine beetle response to different ver-
benone dosages in pine stands of western Montana.
U.S. Dep. Agric. Forest Service, Res. Pap. INT-444.

Gray, D. R, and J. H. Borden. 1989. Containment and
concentration of mountain pine beetle (Coleoptera: Sco-
lytidae) infestations with semiochemicals: validation by
sampling of baited and surrounding zones. J. Econ.
Entomol. 82: 1399 -1405.

Hill, J. K., C. D. Thomas, and B. Huntley. 1999. Climate and
habitat availability determine 20th century changes in a
butterfly’s range margin. Proc. R. Soc. Ser. B. Biol. 226:
1197-1206.

Hopping, G. R.,and G. Beall. 1948. The relation of diameter
of lodgepole pine to incidence of attack by the bark beetle
Dendroctonus monticolae Hopkins. For. Chron. 24: 141-
145.

Hughes, P. R. 1973. Dendroctonus: production of phero-
mones and related compounds in response to host mono-
terpenes. Z. Angew. Entomol. 73: 294-3114.

Hughes, P. R., J.A.A. Renwick, and J. P. Vité. 1976. The
identification and field bioassay of chemical attractants

JourNAL oF EcoNoMIC ENTOMOLOGY

Vol. 98, no. 5

in the roundheaded pine beetle. Environ. Entomol. 5:
1165-1168.

Hunt, D.W.A,, and J. H. Borden. 1989. Terpene alcohol
pheromone production by Dendroctonus ponderosae
and Ips paraconfusus in the absence of readily cultruable
microorganisms. J. Chem. Ecol. 15: 1433-1463.

Hunt, D.W.A., J. H. Borden, B. S. Lindgren, and G. Gries.
1989. The role of autoxidation of a-pinene in the pro-
duction of pheromones of Dendroctonus ponderosae
(Coleoptera: Scolytidae). Can. J. For. Res. 19: 1275-1282.

Keane, R. E., and S. F. Arno. 1993. Rapid decline of white-
bark pine in western Montana: evidence from 20-year
remeasurements. W. J. Appl. For. 8: 44-47.

Kegley, S., J. Schwandt, and K. Gibson. 2004. Forest health
assessment of whitebark pine selected stands in the Sel-
kirk mountains of northern Idaho. U.S. Dep. Agric. For.
Serv., For. Health Protect., Northern Region, Missoula,
MT, Report 04-5.

Leufvén, A., G. Bergstrom, and E. Falsen. 1984. Intercon-
version of verbenols and verbenone by identified yeasts
isolated from the spruce bark beetle Ips typographus.
J. Chem. Ecol. 10: 1349-1361.

Lindgren, B. S. 1983. A multiple funnel trap for scolytid
beetles (Coleoptera). Can. Entomol. 115: 299-302.

Lindgren, B. S.,J. H. Borden, G. H. Cushon, L. J. Chong, and
C. J. Higgins. 1989. Reduction of mountain pine beetle
attacks by verbenone in lodgepole pine stands in British
Columbia. Can. J. For. Res. 65-68.

Lindgren, B. S., and D. R. Miller. 2002. Effect of verbenone
on five species of bark beetles (Coleoptera: Scolytidae)
in lodgepole pine forests. Environ. Entomol. 31: 759-765.

Littell, R. C., G. A. Milliken, W. W. Stroup, and
R. D. Wolfinger. 1996. SAS system for mixed models.
SAS Institute, Cary, NC.

Logan, J. A, and J. A. Powell. 2001. Ghost forests, global
warming, and the mountain pine beetle (Coleoptera:
Scolytidae). Am. Entomol. 47: 160-173.

Meyer, L. 2005. Montana forest insect and disease condi-
tions and program highlights. U.S. Dep. Agric. For. Serv.,
Northern Region, FHP, Report 05-1.

Miller, D. R., J. H. Borden, and B. S. Lindgren. 1995. Ver-
benone: dose-dependent interruption of pheromone-
based attraction of three sympatric species of pine bark
beetles (Coleoptera: Scolytidae). Environ. Entomol. 24:
692-696.

Perkins, D. L., and T. W. Swetnam. 1996. A dendroecologi-
cal assessment of whitebark pine in the Sawtooth-
Salmon River region, Idaho. Can. J. For. Res. 26: 2123~
2133.

Pianka, E. R. 1981. Competition and niche theory, pp. 114-
141. In R. M. May |ed.], Theoretical ecology principles
and applications. Blackwell, London, United Kingdom.

Pitman, G. B., J. P. Vité, G. W. Kinzer, and A. F. Fentiman.
1969. Specificity of population aggregating pheromones
in Dendroctonus. J. Insect Physiol. 15: 363-366.

Preisler, H. K., and R. G. Mitchell. 1993. Colonization pat-
terns of the mountain pine beetle in thinned and un-
thinned lodgepole pine stands. For. Sci. 39: 528 -545.

Progar, R. A. 2003. Verbenone reduces mountain pine bee-
tle attack in lodgepole pine. West. J. Appl. For. 18: 229~
232.

Pureswaran, D. S., R. Gries, J. H. Borden, and H. D. Pierce.
2000. Dynamics of pheromone production and commu-
nication in the mountain pine beetle, Dendroctonus pon-
derosae Hopkins, and the pine engraver, Ips pini (Say)
(Coleoptera: Scolytidae). Chemoecology 10: 153-168.

Pureswaran, D. S., and J. H. Borden. 2003. Is bigger better?
Size and pheromone production in the mountain pine



October 2005

beetle, Dendroctonus ponderosae Hopkins (Coleoptera:
Scolytidae). J. Insect Behav. 16: 765-782.

Raffa, K. F. 2001. Mixed messages across multiple trophic
levels: the ecology of bark beetle chemical communica-
tion systems. Chemoecology 11: 49-65.

Raffa, K. F.,and A. A. Berryman. 1983. The role of host plant
resistance in the colonization behavior and ecology of
bark beetles (Coleoptera: Scolytidae). Can. Entomol.
114: 797-810.

Renwick, J.A.A. 1967. Identification of two oxygenated ter-
penes from the bark beetles, Dendroctonus frontalis and
D. brevicomis. Contrib. Boyce-Thompson Inst. Plant Res.
23: 355-360.

Renwick, J.A.A., and J. P. Vité. 1970. Systems of chem-
ical communication in Dendroctonus. Contrib. Boyce-
Thompson Inst. Plant Res. 24: 283-292.

Rudinsky, J. A, M. E. Morgan, L. M. Libbey, and
T.B.Putnam. 1974. Anti-aggregative rivalry pheromone
of the mountain pine beetle and a new arrestant of the
southern pine beetle. Environ. Entomol. 3: 90-98.

Ryker, L. C.,and K. L. Yandell. 1983. Effect of verbenone on
aggregation of Dendroctonus ponderosae (Coleoptera:
Scolytidae) to synthetic attractant. Z. Angew. Entomol.
96: 452-459.

Samman, S., and J. A. Logan [eds.]. 2000. Assessment and
response to bark beetle outbreaks in the Rocky Mountain
area. U.S. Dep. Agric. Forest Service, RMRS GTR-62.

Schmitz, R. F., and M. D. McGregor. 1990. Antiaggregative
effect of verbenone on response of the mountain pine

BENTZ ET AL.: VERBENONE PROTECTION FROM MOUNTAIN PINE BEETLE

1621

beetle to baited traps. U.S. Dep. Agric. For. Serv. Res.
Pap.INT-423.

Seybold, S. J., and C. Tittiger. 2003. Biochemistry and mo-
lecular biology of de novo isoprenoid pheromone pro-
duction in the Scolytidae. Annu. Rev. Entomol. 48: 425-
453.

Seybold, S. J., J. Bohlmann, and K. F. Raffa. 2000. The bio-
synthesis of coniferophagous bark beetle pheromones
and conifer isoprenoids: an evolutionary perspective and
synthesis. Can. Entomol. 132: 1-57.

Shea, P. J., M. D. McGregor, and G.E. Daterman. 1991.
Aerial application of verbenone reduces attack of lodge-
pole pine by mountain pine beetle. Can. J. For. Res. 22:
436-441.

Shore, T. L., L. Safranyik, and B. S. Lindgren. 1991. The
response of mountain pine beetle (Dendroctonus pon-
derosae) to lodgepole pine trees baited with verbenone
and exo-brevicomin, J. Chem. Ecol. 18: 533-541.

Watt, A. D.,and A. M. McFarlane. 2002. Will climate change
have a different impact on different trophic levels? Phe-
nological development of winter moth Operophtera bru-
mata and its host plants. Ecol. Entomol. 27: 254 -256.

Wood, D. L. 1973. Selection and colonization of ponderosa
pine by bark beetles, pp. 101-118. In H. F. van Emden
[ed.]), Insect plant relationships, Wiley, New York.

Received 29 November 2004; accepted 7 June 2005.




